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Abstract
Europium doped gallium nitride (GaN:Eu) is an active area of research as it has
been recognized as a candidate for the red-emitting active layer in nitride-based
technologies. This dissertation reports on the optical influences of defects on Eu
ions in GaN:Eu. A comprehensive study was completed to research materials in-
corporating a variety of structures, growth parameters, and co-dopants. Analyzing
traditional samples provided new insight into typical incorporation environments.
Materials incorporating quantum well structures, an oxygen-free Eu source, and
co-doping with oxygen highlighted the importance of the aforementioned dopant,
especially in the development of minority sites.
To better comprehend the excitation energy transfer from the excited GaN host
to the Eu ion, experiments were designed to complete power dependent measure-
ments and explore the saturation behavior of the Eu emission in the GaN material.
Further, we determined how various growth parameters modified site formations
and measured the optical accessibility of the ions within the GaN host. With these
results, we derived a theoretical model for the saturation behavior of Eu ion emis-
sion.
In other avenues of this work, the role of charged defects on the structural and
luminescence characteristics of Eu ions was explored. A novel multiple excitation
emission spectroscopy (MEES) technique was designed and implemented to explore
the optical properties of the ions under various temperatures and excitation condi-
tions. A model was developed for the structural properties of one of the minority
Eu centers and its relationship, facilitated by an acceptor defect, with one of the
most efficiently excited sites in GaN:Eu.
1
Chapter 1
Introduction
1.1 Motivation
Semiconductors are of great interest for a variety of photonic and optoelectronic
applications, which include the solid state lighting, telecommunications, and defense
sectors. Ergo, optoelectronic devices have an enormous influence on many scientific
and industrial disciplines.
Rare-earth doped semiconductors have garnered much interest because of the
usefulness of the energy transfer from the host material to the rare earth ions,
which subsequently emit at especially advantageous wavelengths for lighting tech-
nologies [1–10]. These emissions are particularly useful in the development of light-
emitting diodes (LEDs), laser diodes, full-color displays, and other technologies [3,10].
LEDs, specifically, have substantial practical usages, notably in terms of energy sav-
ings, as shown in Figure 1.1. By 2030, the U.S. Department of Energy predicts that
most light sources will be LEDs and current emitters such as fluorescent and halogen
lights will be almost obsolete.
1.1.1 Light-Emitting Diodes
LEDs are semiconductor, p-n junction devices that produce light following the re-
combination of electrons and holes, as shown in Figure 1.2. Each device generally
2
Figure 1.1. Predictions for energy consumption for the next 15 years. Forcasted
LED energy savings of 60% if the Department of Energy solid-state lighting goals
are realized [11].
comprises a p-type, n-type, and active layer. P-type layers are produced by im-
purities in a semiconductor material. For example if a trivalent impurity such as
boron is doped into silicon, it creates “holes”, which act as positive charge carriers
in the semiconductor; hence the material’s characteristic of being p-type. GaN, our
material of interest, being an extrinsic semiconductor and naturally n-type, requires
Mg incorporation to achieve p-type conductivity. Doping GaN involves introduc-
ing the dopants during the growth process or ion implantation on a GaN template,
the former being the most effective with Mg included as a metal organic precursor,
bis(cyclopentadienyl)magnesium, (Cp2Mg), in organometallic vapor phase epitaxial
(OMVPE) grown GaN.
3
Figure 1.2. A simplified schematic of a light-emitting diode. [12]
N-type layers are produced in a similar fashion as the p-type layers, but in-
stead of producing holes, an excess of electrons is cultivated. Si, introduced by
monomethylsilane (MMSi), is the source gas typically used to improve the n-type
nature of GaN. The active layer is the critical region in which light is generated. In
traditional LEDs based in GaN, the active layer can achieve a range of visible to
infrared emission depending on its indium (In) content. Under application of a for-
ward bias voltage, electrons and holes are injected into the active layer where they
can recombine, resulting in light emission. Generally, there are just recombination
processes. If there are dopants present in the active layer, as in the special case of
nitride-based red LEDs which are developed with a europium doped active layer,
the energy is transferred to the dopants which will subsequently emit luminescence.
Additionally, depending on the rare-earth dopant, a range of emission wavelengths
can be achieved.
4
Figure 1.3. These are typical potential wells, with the structure on the left possess-
ing infinite barriers and the one on the right having a finite potential. Each black
curve within the well represents a wavefunction. For the first well, the wavefunc-
tion or particle cannot exist outside the well. In the second well, there is tunneling
observed outside the barriers.
1.1.2 Quantum Well Structures
In high-performance optoelectronic devices, such as LEDs, quantum wells (QW)
are thin layered semiconductor structures that are particularly advantageous due
their small volume which gives rise to quantum confinement for carriers: electrons
and holes. When carriers are injected into the QW, the free carrier concentration
is so high that the likelihood of non-radiative recombination is sufficiently low. In
other words, the radiative recombination rate depends on the electron and hole
densities; thus as more carriers are injected, the recombination rate increases in
response. QW structures comprise a thin semiconductor well material sandwiched
between semiconductor barrier layers, all materials joining directly at the atomic
level [13]. Electrons and holes see a lower energy in this middle layer, hence the
name quantum well. Further, these structures can be considered analogous to the
potential well system in quantum mechanics.
While the ‘particle in a box’ potential well (c.f. Figure 1.3) is a good approxima-
tion for the physics describing particles in QW structures, it doesn’t incorporate the
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charged nature of electrons and holes and their attraction to each other. The wave-
functions for electrons and holes in a semiconductor are not plane waves since plane
waves describe the case of uniform independent motion of the electron and hole sep-
arately. Instead of a single particle picture, the wavefunction of electron-hole pairs
have to be contemplated [13]. In particular, a free electron-hole pair (EHP) is consid-
ered analogous to an ionized hydrogen atom since both of these states are achieved
with the excitation of an electron that leaves a positive charge behind. In the hy-
drogen system, that particular charge is a proton. Correspondingly, EHP creation
involves exciting an electron from the valence band to the conduction band which
leaves a hole behind in the valence band. The energy needed for EHP creation is the
band-gap energy (difference in energy between the lowest point in the conduction
band and highest point in the valence band) of the single particle picture, which,
for our purposes, is simply the band-gap energy of the semiconductor [13]. With this
model in mind, the advantages of QW structures and their ability to confine EHP,
thereby increasing the rate of radiative recombination, can be appreciated. Exci-
tonic dynamics, which delve into the behavior of bound EHP, and the physics of
ultra-thin δ structures are explored further in other avenues of research [14,15].
QWs can be developed with a high degree of precision by implementing epitaxial
crystal growth methods such as molecular beam epitaxy (MBE) and metal-organic
chemical vapor disposition (MOCVD or OMVPE). MBE employs a high vacuum
process in which beams of pertinent molecules are released from ovens, land on the
substrate surface, and accumulate in layers. Control is attained by shutters in front
of the ovens; for example, if Ga and N shutters are open, and In is closed, GaN will
grow but if all three are open the alloy indium gallium nitride (InGaN) will result.
The OMVPE technique is a process where the constituents are released as gases
and the appropriate flow rate is used for controlling the thickness of the epitaxial
layers. While both of these growth techniques are widely employed, there is one
key restriction involving the lattice constants between the various QW structure
materials. If there is considerable lattice mismatch, it is difficult to maintain a
well-defined crystal structure through the epitaxial layers.
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LEDs and other optoelectronic devices usually employ a pattern of QW struc-
tures. One such sequence involves closely-spaced quantum wells which are usually
called a superlattice, a term generally used to describe a periodic structure com-
prising smaller devices. Since these QW are so near together, there is significant
wavefunction penetration between adjacent wells. Another design used in the devel-
opment of high-performance devices is a multiple quantum well (MQW) structure
which is a group of independent wells that do not experience much overlap of their
individual wavefunctions.
While blue and green InGaN LEDs have been successfully produced by exploit-
ing the above mentioned growth techniques and device structures [16–22], efficient
red nitride-based LEDs are an area of active research [3–5,23–26]. During the late
1960s, following the invention of red-emitting gallium arsinide phosphide (GaAsP)
devices [27], commercial red LEDs became available [28]. In the endeavor to improve
device performance, the addition of Nitrogen was soon discovered to contribute ra-
diative recombination centers to GaAsP which increased its performance range and
expanded its practicality to other areas [29,30]. In the early 1980s, red LED materials
experienced a transition to (aluminum gallium arsenide) AlGaAs which had such
high luminous efficiency that it competed with incandescent lamps [31,32]. Currently,
red LEDs are furnished from indium gallium arsenide (InGaAs) or AlGaAs; to pro-
duce white light sources, they are combined with the blue and green InGaN LEDs.
However, both materials are cubic; therefore monolithic integration with hexagonal
wurtzite GaN, the crystal structure for blue and green LEDs, is not possible. An-
other avenue of LED production involves the excitation of the relevant phosphors
with an InGaN-based UV LED. Generating red emission involves coating the device
with a Europium (Eu) phosphor such as Eu2O3. Still, there remains the inability to
create a light source based solely in GaN.
Without red LEDs that can be successfully combined with blue and green In-
GaN LEDs, full color nitride-based monolithic visible emitters and displays cannot
be achieved. Figure 1.4 details the current progress in the development of efficient
LEDS as a function of wavelength. Phosphide based LEDs work at higher wave-
lengths while nitride based LEDs prosper at lower wavelengths. In between these
7
Figure 1.4. Successes in LED development as a function of wavelength. The “green
gap” phenomenon is shown by the significant drop in device efficacy in the green
spectral range [33].
two regimes exists the “green gap” region where there is a substantial decrease in de-
vice efficacy in the green spectral range. However, there is an endeavor to bridge the
”green-gap” using nitride-based LEDs so that, eventually, an efficient nitride-based
white LED can be built.
1.2 Semiconductor Materials and the Development
of GaN
While several semiconductor materials, such as GaAs, indium phosphide (InP), and
silicon carbide (SiC), have been investigated for the development of optoelectronic
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devices, rare earth-doped semiconductors are well-researched for similar purposes.
The latter rely on a variety of factors, some of which are the specific emission wave-
length of the rare earths and its dependence on temperature, the emission itself and
its stability with temperature, the sharpness of the rare earth luminescence, and the
band-gap energy of the semiconductor. Of particular relevance to this work is the
relation observed between the band-gap of the host material and the efficiency of the
defect complexes induced by the incorporated rare-earth element. In fact, the rare
earth luminescence and the limit temperature (defined as the temperature at which
luminescence ceases) for emission are lower in semiconductors with narrower band-
gaps [34]. Consequently, using narrow band-gap materials is not desirable for room
temperature applications of these devices. For practical purposes, a wider band-gap
semiconductor is preferred since it is conducive to more intense rare earth lumines-
cence [34]. GaN, a group III-V semiconductor with its band-gap energy of 3.44 eV, is
naturally n-type and possesses the largest band-gap of all commercial semiconduc-
tors. It has a wurtzite crystal structure, shown in Figure 1.5, high thermal stability
(melting point of 2500 degree C), high electron mobility, and advantageous carrier
transport properties [35,36]. Additionally, GaN can alloy with Al and In, forming a
semiconductor with a tunable band-gap.
While GaN is particularly useful for device applications, high-quality material is
difficult to produce. Moreover, it is challenging to develop in bulk and this necessi-
tates its growth on foreign substrates such as sapphire and SiC [37–39]. Inevitably, the
lattice mismatch between the two layers furnishes a high density of threading dislo-
cations in the GaN layer, which drastically impacted device performance [40–42]. The
GaN crystal quality, and overall electrical and optical properties, were improved by
adjusting the parameters of its growth methods – one of the more common strate-
gies being the previously mentioned OMVPE [43–46]. Likewise, to combat threading
dislocations, there is exploration of other substrates such as graphene or hexagonal
boron nitride nanosheets stacked on the sapphire substrate [47]. Significant device
improvement was demonstrated, due to the nanosheets’ ability to effectively block
the threading dislocation propagation, create lateral overgrowth along the circum-
ference of sheets, and improve the nucleation of GaN [47].
9
Figure 1.5. Crystal structure of GaN identifying the lattice locations of Ga and
N.
In other avenues of GaN development, growth methods have been evolving from
foreign substrates to free standing, bulk GaN with a thickness of several micrometers.
This particular development is due to Hydride Vapor Phase Epitaxy (HVPE) grown
GaN substrates. For the experiments described in this work, all but one sample was
grown on a sapphire substrate via OMVPE and the bulk sample will be identified
when necessary.
1.3 Eu and its Behavior as a Dopant in GaN
Europium belongs to the lanthanide series, and like the other rare earth elements, it
is usually harvested from the minerals monazite and bastnaesite. Besides applica-
tions within the optoelectronic and photonic industries, Eu has a plethora of usages,
among which are aiding in the detection of forgery in euro banknotes and control-
ling excess reactivity in nuclear reactors [48]. In the lighting industry, Eu is doped
into Y2O3 and utilized as an efficient red luminophor in full-color displays and other
10
lighting technologies [49]. As stated earlier, while red light emitting diodes (LEDs)
are currently manufactured, efficient red nitride-based LEDs are still in develop-
ment. Eu doped into gallium nitride (GaN:Eu) has been identified as a candidate
for the active layer in nitride-based light emitters and has proven itself to be a very
promising GaN-based red LED [5,50,51].
When Eu is doped into GaN, it sits on a Ga site and usually assumes its trivalent,
triply ionized form and its partially filled 4f orbitals are well shielded from the
external crystal by 5s2 and 5p6 shells. This is partially a result of “lanthanide
contraction” which arises from the lack of shielding of the 4f shells from the nuclear
charge. Electrons in the inner shells normally shield the electrons in the outer
orbitals from experiencing an effective charge from the nucleus. However, in the
lanthanide series, the 4f orbital is not efficiently shielded from the nuclear charge
because the 5s and 5p orbitals penetrate the 4f sub-shell. An overall contraction of
the ionic radius occurs due to the 4f electrons inward movement in response to the
positive charge of the nucleus. As a result, the larger radial extension of the 5s and
5p sub-shells make the 4f orbitals act as “inner orbitals” [52]. This particular effect
is especially advantageous because the 4f electrons are electrically shielded from the
crystalline surroundings by the completely filled 5s and 5p orbitals. Consequently,
the emission lines from intra-4f shell transitions maintain the narrow line widths
characterized by the free-ion emission profiles since there is little perturbation from
the GaN environment.
1.3.1 Eu Emission under Various Excitation Regimes
While the aforementioned shielding limits strong interactions, the optical properties
of rare earth ions are usually slightly affected by their surrounding structure [10,53–55].
For example, the Eu ions’ emission energies, and therefore spectral positions, are
slightly perturbed by the GaN crystal field. As a consequence, the emission from
various incorporation centers, defined as the Eu ions and the structures near them,
possess their own inherent excitation and emission profiles. The excitation of the
rare earth ion itself depends on the specific electronic structure of each ion and is
11
induced by a transition from the ground state to an excited state.
For GaN:Eu, a tunable laser is used to resonantly excite the Eu ions from the
7F0 to the
5D0 level. This transition is forbidden, in a purely electronic system
that doesn’t break rotational invariance, due to conservation of angular momentum.
However, perturbations from the crystalline environment can admix different states
and make these transitions possible. Perturbations can manifest as lattice vibrations
whose energy is quantized and called phonons, in analogy with the photon of the
electromagnetic wave [56].
As mentioned above, in GaN:Eu, each unique emission profile or CEES feature
originates from its associated defect complex, which has its own intrinsic structure
that is strongly dependent on growth conditions such as temperature and pressure.
Under resonant excitation, it can be shown that GaN:Eu contains, at least, eight
centers that are labeled OMVPE 1-8 according to their increasing excitation energy.
The CEES map shown in Figure 1.6 identifies some of these sites, each of which has
its own excitation efficiency [9,57]. Figure 1.7 shows the level scheme for the excitation
and emission of Eu ions in GaN. The majority incorporation site in the spectra is
OMVPE 4, also labeled as Eu 1, which emits in the form of 3 peaks and are assigned
to the 5D0 to the
7F2 transitions, centered at 621 nm or 1.993eV.
Other incorporation centers of interest are the minority sites OMVPE 7, also
known as Eu 2, and OMVPE 8, also labeled as Eu2* (for reasons that will be re-
vealed later in Chapter 5). In above band gap excitation, where Eu 2 is shown to
efficiently emit, electron hole pairs are induced by above band-gap photon absorp-
tion. One of the mechanisms governing the charge carrier energy transfer to the
Eu ions is impact excitation of hot carriers produced during nearby electron-hole
recombination [59]. Other processes, such as the exploitation of traps (additional de-
fects within the GaN), will be explored later in this work. After absorbing a photon,
Eu ions undergo either nonradiative relaxation (through phonon-assisted emission
or Auger electron excitation) or radiative relaxation. Charge carrier energy transfer
can be inhibited by the strong shielding of the ions’ 4f shells or in the situation
where the charge transitions are occurring between electron levels that are deep
within the semiconductor gap. In fact, the electrons in the conduction band of the
12
Figure 1.6. CEES map of phonon-assisted transitions in GaN:Eu. The color scale
to the right reveals the colors associated with various intensity ranges.
GaN host can recombine with holes in the valence band without exciting the Eu
ions [54]. Nonetheless, when the electron hole pairs do recombine, in the vicinity of
the rare earths, the required energy is transferred to generate red luminescence.
In below band gap excitation, where traps are excited and there is a transfer
of energy to the Eu ions, Eu 2 is indirectly excited because there is a much higher
probability of ionizing and manipulating deep traps (unrelated to Eu 2). The free
carriers created in this process transfer their energy to the center which is most
favorable: Eu 2 [8]. A temperature dependent energy transfer between Eu 2 and
the Eu2* site has been suggested by recent experiments but the precise processes
involved in this energy transfer between the incorporation site is under debate.
Further, while suggested models for the structure of Eu 1 and Eu 2 exists (and are
mentioned in Section 1.4), the study of Eu2* lacks complete models and theoretical
considerations for its explicit origin, nature, and structural properties. It has been
suggested that there exists a temperature dependent excitation mechanism involved
solely with Eu2* where it is excited through two localized trap levels that could
13
Figure 1.7. The relative electronic levels of Eu3+ in relation to the GaN band
gap. [58]
store carriers and subsequently emit them, but the exact details of this trapping
center and the carrier migration process still needs to be determined [60].
1.4 The Role of Defects in Eu Complexes, Eu1
and Eu2
As indicated earlier, the probability of electron-hole pair recombination energy being
transferred to the Eu ions is statistically unlikely, due in part to the competition
for energy with other processes such as the generation of phonons. However, the
presence of other defects that can trap charge carriers, in the vicinity of the Eu
ion, can help the energy transfer. It is speculated that such traps or defect states
can cause a shift in the band structure at the location of the Eu ion. Additionally,
Eu complexes may be able to change their charge state due to the attached defects
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Figure 1.8. Two possible configurations for Eu 1 [54]. The darker and lighter colored
spheres represent nitrogen and gallium atoms, respectively.
because of the latter’s inherent ability to secure charges. Candidates for such defects
are substitutional or interstitial complexes, ion vacancies, or defects common in the
host lattice [61]. Defects can introduce an energy-trapping step - a shallow transition
level that aids the energy transfer to the ions [61]. Ideally, an electron from the
conduction band can initially occupy this assistant level and then transfer its energy
to the Eu ions’ 4f-shells. With this tentative model in place, experimental attempts
were completed to promote the aforementioned defects.
To further understand and optimize the excitation efficiency between the host
and the Eu ion, certain growth parameters, such as temperature, pressure, and
V/III (N to Ga) ratio, were adjusted [3,7,8,10]. These changes induce variations in the
defects within the crystal structure which introduce the possibility of more efficient
energy transfer pathways between the host material and the Eu ions [8]. Spectro-
scopic techniques were employed to study these complexes. One of the pertinent
incorporation environments explored was the majority site, Eu1 [62–64]. This specific
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complex represents approximately 80-90% of the Eu defect population [57].
It was theoretically proposed that the structure of the majority site Eu 1 is asso-
ciated with a nitrogen vacancy, VN, a defect which can exist in two different arrange-
ments causing dissimilar site symmetries, as shown in Figure 1.8. Recently, with the
usage of polarization dependent measurements, spectroscopic evidence was able to
support this proposed structure [65]. Under resonant excitation of the Eu ions, there
were polarization-dependent emission peaks, indicating two structurally similar, yet
not identical, centers emitting under this excitation regime. Studies had shown that
not only is it energetically favorable for VN to form near the Eu ions, it can also be
created in two different symmetry environments, hence the polarization-dependent
emission profiles. Further, by examining samples with varying V/III ratios, it was
observed that a variant of Eu1 can contain a gallium vacancy (VGa) that, together
with the nitrogen vacancy (VN), exhibits a higher excitation efficiency
[65]. Within
this same study, it was also determined that Eu 2 is also associated with a VGa
which facilitates its excitation efficiency [65].
Another crucial type of defect involves donor-acceptor pairs (DAP) where donor
and acceptor levels cause the band gap to narrow and create a more efficient trap
for electron hole pairs (EHP), which then recombine and transfer energy to the
luminescent centers. In GaN:Eu, incorporation centers such as Eu 1 and Eu 2,
that have a DAP near them have higher excitation efficiencies [65]. Eu 1 is assisted
by a VGa acceptor and a VN donor. Similarly, Eu 2, is associated with a VGa
acceptor and is very likely paired with an O donor [66,67] but this has yet to be
verified spectroscopically.
Evidently, the ions’ lattice locations influence the symmetry of their environ-
ment and are therefore critical to their emission intensities. It is advantageous to
intentionally engineer defects, by co-doping and/or fluctuating the Ga to N ratio,
that positively influence or improve excitation efficiency. To facilitate this goal, it is
critical to understand the specific roles that defect complexes perform. Defects can
produce both beneficial and harmful effects on the emission efficiency by influencing
not only energy transfer to the rare earth ions but also undesirable decay channels,
both before and after the Eu ions are excited [68]. It is, therefore, necessary to model
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and improve the defects that enable better excitation efficiency and limit the ones
that hinder photoluminescence.
1.4.1 GaN:Eu, co-doped with Mg
In order to produce p-type GaN, Mg is doped into the semiconductor where it occu-
pies a gallium site. Moreover, when Mg, which has two valence electrons, replaces
a gallium possessing 3 valence electrons, one hole is left in the valance band. With
Mg occupying a substitutional site of Ga, it acts as both shallow and deep accep-
tors [69–72]. Due to these additional defects, when Mg is co-doped into GaN:Eu, it
increases the excitation efficiency for the majority site, Eu 1 [73]. Several more lu-
minescent centers are present in addition to the typical ones found in Eu-doped
samples [65,73,74]. In the most energetically favorable configuration, the Mg is located
at a site distant from the Eu atoms where it influences the excitation efficiency but
does not affect the resulting emission spectrum [75]. Co-doping with the DAP Mg
and O has been theoretically shown to be a more efficient energy transfer mechanism
derived from O creating a donor level localized in GaN and Mg inducing a shallow
acceptor level in GaN [76]. Mg and O bend the band structure to cause a decrease in
the band gap, therefore increasing the amount of electron hole pairs (EHP) trapped.
This facilitates the transfer of recombination energy to the Eu ions, increasing red
luminescence.
1.4.2 Hydrogen’s Influence on Eu Incorporation Environ-
ments
During the growth of GaN epilayers, the group III and V sources are trimethyl-
gallium (TMG) and ammonia (NH3), respectively
[5]. Thus, H is always present in
GaN in certain concentrations and its level of influence is regulated by annealing
treatments and possibly substrate material. In the same vein, in GaN:Mg, Mg is
used to produce p-type GaN and N2 ambient annealing or low energy electron beam
irradiation (LEEBI) is implemented to control resistivity [1,77]. When Mg is codoped
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Figure 1.9. DFT models for defect structures with the placement of H considered.
(a) Eu 2 (b) Eu 2 with H on a Ga vacancy (c) Eu 1 (d) Eu 1 with a H placed on
the nitrogen vacancy (courtesy of Dr. Dongwha Lee).
into GaN:Eu, it is necessary to anneal in N2 to disassociate the Mg-H complexes,
since H, which exists as an interstitial defect, renders the Mg electrically neutral [2,78].
Consequently, after the disassociation, the Mg no longer experiences H passivation
and, in this “activated” state, can behave as an acceptor and increase the excitation
efficiency of the Eu ions.
The disassembly of the Mg-H structures is a result of hydrogen migration which
can be induced by vibrational energy such as the resonant or above band-gap exci-
tations. Center reconfigurations in GaN:Eu,Mg occur as a result of the movement
of the H out of the complex. In a recent Density Functional Theory calculation,
provided by Dr. Dongwha Lee at Lawrence Livermore National Lab, it was shown
that in bulk grown GaN, H will be preferentially placed near VGa or at the site of a
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VN , as shown in Figure 1.9. This potentially new phenomenon may be encouraged
by the increased availability of H in the GaN:Eu epilayers. When GaN:Eu is grown
on a sapphire substrate, the interface between sapphire and the GaN buffer layer
provides traps for H which hinders its travel to the upper layers. These inhibitions
are reduced when GaN:Eu is grown on a GaN substrate. Since the Eu ion’s ability
to trap H isn’t competing with interface traps in bulk grown GaN, the H is free to
move about and be captured near a complex. As in GaN:Eu,Mg similar vibrationally
induced H migration can occur.
1.5 Objectives of this work
This work promotes the use of rare earth doped semiconductor devices by develop-
ing an understanding of the optical properties of the defects within the crystalline
structure of the semiconductor. For traditional devices, only simple recombination
is pertinent; however, when dopants are the key factors producing the emission of in-
terest, the energy transfer to these dopants becomes significant. In this research, we
focused on the role of intentionally and unintentionally doped defects on the optical
properties and excitation efficiency of Eu ions. We exploited various spectroscopic
techniques, such as Combined Excitation Emission Spectroscopy (CEES) and pho-
toluminescence (PL), to complete a comprehensive study that explored structural
changes of certain defect complexes and their dependence on temperature, excita-
tion conditions, and growth parameters, in order to understand their influence on
the excitation efficiency of Eu ions in GaN:Eu. We have completed the following
projects:
1. Survey a series of samples to elucidate the optical properties of a variety of
materials and structural properties of minority complexes such as the variant
sites and their connection to Eu2*.
2. Determine the maximum concentration of Eu ions that are optically accessible.
3. Develop a robust model to describe the saturation behavior for Eu ions.
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4. Investigate the role of charge carriers on the luminescence properties of Eu
ions.
5. Decipher the structure of minority site, Eu2*.
6. Investigate the role of hydrogen in bulk GaN:Eu on a HVPE grown GaN
substrate.
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Chapter 2
Experimental Basics
2.1 Combined Emission Excitation Spectroscopy
(CEES)
When an optical excitation is induced in a material by the absorption of photons,
the subsequent emission of photons is called photoluminescence. In the experimental
technique of the same name, as implemented in our laboratory, the emission from
the excited samples is collected from the confocal plane by a liquid nitrogen cooled
CCD camera. When a complete set of excitation and emission energy dependent
data is measured, the result is a CEES map which shows the emission from different
ion incorporation environments.
2.1.1 Dynamics of the Ions’ Optical Spectra
The majority of photonics and optoelectronic devices, such as solid state lasers and
lighting technologies, are based on the incorporation of foreign ions – the most rel-
evant ones being the rare earth series – into insulators such as yttrium aluminum
garnet (YAG) and Silica. There has yet to be a successful, commercial semicon-
ductor device based on the doping of ions, but it is an area actively researched.
Introducing rare earth ions into a semiconductor introduces new electronic states
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within the band gap that would otherwise not be present in a perfect crystal. Ad-
ditionally, the crystal electric field causes shifts and additional splitting of the ions’
energy levels. However, these effects are small compared to spin-orbit coupling, so
the ions assume emission profiles similar to those of the free ions. In order to com-
prehend the details of the ions’ optical spectra, the implications of the ion’s coupling
to distortions of the crystal lattice (i.e. phonons and defects) must be considered.
Deviations of the lattice sites from their equilibrium configuration can affect the
electronic states of the ions themselves. To fully appreciate this ion-lattice coupling,
the Hamiltonian of this system assumes the following form [79]:
H = HFI +HL +HCF , (2.1)
whereHL is the Hamiltonian for the lattice degrees of freedom, HFI is the component
of the Hamiltonian related to the free ion (an ideal case in which the ions are
isolated), HCF represents the crystalline field Hamiltonian which depends on the
coordinates of the valence electrons of the ions and location of the crystal elements
(the atoms that make up the crystal). Hence, HCF is the term describing interactions
of the electrons with the lattice ions via the crystal field. Moreover, HCF couples
the electronic and ionic motions, thus, the eigenfunctions are now dependent on a
similar coordinate system as the crystal field [79]. In the case of GaN:Eu, the coupling
between the ion and the lattice is weak, HCF << HL, HFI , due to the screening of
the optically active 4f transitions by the outer filled electronic shells (as discussed in
Section 1.3). Thus, electronic and crystal motions can be considered approximately
independent. In addition to the purely electronic emission profiles, extra bands are
occasionally detected due to the presence of the ion in a vibrating lattice [79]. In
order to account for this interaction, the configuration coordinate model is usually
implemented.
The configuration coordinate model is derived primarily from two approxima-
tions. The first is the adiabatic approximation which declares that the ions move
very slowly in comparison to the valence electrons. The second approximation as-
sumes the phonon modes can be described by a single coordinate Q, referred to as
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the configuration coordinate. This coordinate can represent the distance between
the ion and the lattice elements or, in general, the average amplitude or linear com-
bination of vibrational modes [79]. The solution of the Schro¨dinger equation for this
configuration coordinate system results in potential energy curves for the initial and
final states, as seen in the configuration coordinate diagram in Figure 2.1 (a), where
the parabolic curves depict the interaction potential energy and the horizontal lines
delineate the series of permitted discrete energies [79]. The horizontal shift between
the two parabolas is due to the electron-lattice coupling and can be accounted for
by invoking the Huang-Rhys parameter which is a measure of the Stokes shift, or
lateral displacement between the ions’ ground and excited profiles.
With the configuration coordinate model in mind, the next step in understanding
the dynamics in the ions optical spectra is invoking the Franck Condon Principle
– due to the adiabatic approximation. The transitions between two vibrational
states, corresponding to initial and final electronic states, occur so quickly that
there is no alteration of the configuration coordinate Q. Further, this implies that
the transitions between the initial and final vibrational states are more likely if
the two vibrational wavefunctions overlap significantly [79]. The overall dynamically
induced band shape is a result of the overlapping components of the initial and
final vibrational states of the ions, |< χm(Q) | χn(Q) >|2 [79]. Moreover, if the
wavefunctions for the initial and final electronic states are known, one can predict
the absorption and emission band profiles by considering the absorption and emission
probabilities. An example of such profiles is shown in Figure 2.1, where the profile
shape is more like an envelope curve over the different transitions. For GaN:Eu, an
emission profile, which was experimentally measured, is shown in Figure 2.2. Unlike
the broad band shown in Figure 2.1, these Eu peaks retain the sharp and narrow
features that are inherent to the free ion profiles.
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Figure 2.1. Figure (a) shows a configurational coordinate diagram depicting tran-
sitions between two electronic states. Figure (b) reveals how phonon-assisted tran-
sitions occur. [79]
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Figure 2.2. Emission profile for Eu ions under resonant excitation. This particular
spectrum represents the luminescence from the majority species, Eu1 and around
2.006–2.008eV (magnified in the top right), there is slight e-phonon coupled emission
occurring.
2.2 Experimental Setup
2.2.1 Resonant Excitation
The two types of transitions relevant to resonantly exciting GaN:Eu are zero-phonon
and phonon-assisted transitions. The former occurs without the inclusion of phonons
and the latter occurs with phonons. Excitation of Eu ions predominately occurs as
a transition between the 7F0 to
5D0 states. However, this transition is forbidden in
a purely electronic system that doesn’t break rotational invariance, due to conser-
vation in momentum, ∆J 6= 0. In the presence of rotational symmetry breaking,
provided by the crystal, the transitions occur very weakly. In the phonon-assisted
regions, there is enough electronic-lattice coupling that the transitions occur. When
the Eu ion enters its excited state, the reconfiguration into this new electronic state
can shift the equilibrium position of the ion in the lattice [80]. In order to reestablish
equilibrium, the ion will emit a phonon to relax into a lower electronic state within
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that excited vibrational state, shown in Figure 2.1 (b). Subsequently, the ion will
eventually make a transition down into its original ground state. In order for an
excitation to occur, the reverse of the aforementioned process is required, i.e. the ex-
citation needs to incorporate the absorption of a phonon in addition to the electronic
transition so that the ion can enter its excited state. This can be accomplished by
supplying a higher overall excitation energy. Hence, the phonon-assisted transitions
for GaN:Eu occur around 570nm (2.18eV), while the zero-phonon excitation occurs
at 590nm (2.10eV).
With respect to the experimental setup itself, samples were mounted in a Mon-
tana Instruments Cryostation, which could achieve temperatures between 4K and
room temperature. The mounting process itself involved attaching the sample to
a brass mount with silver paint, both components being highly thermally conduc-
tive. Samples were then affixed in the closed-cycle helium cryostation whose main
cooling apparatus is a Gifford-McMahon refrigerator since very low temperatures
are necessary [81]. According to the instrument’s manufacturers, the sample temper-
ature is typically 0.1-0.5K higher than the platform. If there is a slight variation
in temperature when a laser excitation is occurring, the instrument, being a closed
cycle system, is designed to “pull” the heat out of the sample. Moreover, heat
dissipation is accomplished by having good thermal conductance throughout the
components between the sample and the mount, via silver paint, and the platform
where a proportional-integral-derivative controller (PID) actively maintains sample
temperature stability. Furthermore, GaN is also highly thermally conductive so
under laser excitation, almost all of the heat will be conducted out of the sample.
CEES maps were collected using a confocal microscope. Due to the nature of
a CEES map, which requires exciting at a range of wavelengths, a tunable laser
source (Coherent Radiation Model 590 Dye Laser pumped by an Argon Laser at
5W), was used to resonantly excite the Eu ions from the 7F0 to the
5D0 level. The
laser emission was coupled into a single mode fiber, which allowed one mode of light
to propagate. Emitted light was collimated onto a long pass dichroic mirror with
specifications appropriate for our excitation and emission wavelengths; it permitted
90% transmission at 620nm. Approximately 8% of the laser light was reflected,
26
Figure 2.3. Experimental set up for resonant excitation. A tunable laser source
was fiber-coupled to a confocal microscope which focused on our samples. The
emission was then collected and sent through a multimode fiber to a spectrometer.
by a glass plate, into a multimode fiber that coupled to a wave meter so that
the wavelength could be measured. Power was recorded from the light that was
transmitted through the dichroic mirror in order to observe any fluctuations during
measurements. Light reflected by the dichroic mirror travelled down through an
objective and to the sample. Alignment of the objective was accomplished such that
the focus of the beam coincided with the location of the sample, as is the nature
of confocal microscopy. Subsequent emission was collected and collimated by the
objective, transmitted up through the dichroic mirror and, via a multimode fiber,
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Figure 2.4. The above schematic shows the experimental setup for UV excitation
of our samples. A single-mode-fiber coupled He-Cd or Coherent Innova 300 laser
source was sent through a confocal microscope to the sample. The sample emission
was collected by a multi-mode fiber coupled to a spectrometer. A filter wheel (not
shown) was used to control the power intervals.
into a Princeton Instruments Acton Spectra Pro 2300i spectrometer equipped with
a Princeton Instruments Spec-10 liquid nitrogen cooled CCD. A 600nm longpass
filter was utilized to prevent any unwanted light from entering the detector. For
further detail, Figure 2.3 shows the general setup.
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2.2.2 Above Band-gap Excitation
For above band-gap excitation, the samples were mounted as mentioned in Section
2.2.1. The above gap excitation is accomplished at wavelengths (energies) lower
(higher) than 364nm (3.41eV), since that is the band-gap energy for GaN. Two
types of lasers were employed; the first being a Coherent Innova 300 ion laser which
can produce emission wavelengths of 355nm and 364nm and the second being a
Coherent He-Cd laser capable of emission wavelength of 325nm. The fiber-coupled
laser emission was collimated onto an edge filter which reflected the light down into
a Mitutoyo Near UV Infinity Corrected objective. Similar alignment was performed
such that the sample was at the focal plane of the objective. Eu ion emission was
then collected and travelled up through the microscope and to the detector in a
similar fashion as described in Section 2.2.1. For reference, Figure 2.4 depicts the
full experimental setup.
Saturation Behavior Experimental Basics
Chapter 4 delves into the studies of the saturation behavior of Eu ions in GaN. For
this project, samples were observed at room temperature. To optically pump our
system with indirect excitation, a Coherent Innova 300 Argon laser, which produces
emission wavelengths of 355nm and 364nm, was used. A filter wheel was employed
between the laser and the fiber port coupler in order to maintain control of the
power increments used in this experiment. The laser emission was coupled into a
single mode fiber (Part number: P1-305A-FC-2, wavelength transmitted: 320nm
– 430nm) whose emitted light was collimated onto an edge filter which reflected
the light down into a Mitutoyo Near UV Infinity Corrected objective (Magnifica-
tion:50X, NA: 0.42). Alignment was performed such that the sample was at the
focal plane of the objective. Subsequent Eu ion emission was then collected and
guided through a multimode fiber to the spectrometer. Photoluminescence (PL)
intensity was measured as a function of input photon rate. For further reference, a
detailed diagram of the experimental design can be seen in Figure 2.4.
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Figure 2.5. Experimental set up for below band-gap excitation. This is similar to
the setup for above band-gap excitation with the exceptions that a Coherent 532nm
laser source and dichroic mirror are implemented.
2.2.3 Calibration
Quantitatively studying the saturation behavior of Eu ions necessitated identifying
the power of the Eu emission. However, that quantity was too low and the avail-
able power meter sensors did not possess the required sensitivity. Thus, a relation
between the power emitted from the sample and the integrated CCD counts across
the measured spectrum was required. Calibration was performed with the use of a
He-Ne laser whose emission was at 635nm. Light from the laser (emission profile
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displayed in Figure 2.6a) was guided into the microscope with the aid of a multi-
mode fiber (core diameter: 12µm) which was positioned at the focal plane of this
microscope. A schematic of the calibration is revealed in Figure 2.7, for future ref-
erence. This alignment was pursued in order to determine a CCD count to Eu ion
count ratio, assuming that each red photon collected from the sample was derived
from a Eu ion. The first point of consideration was the raw data from a typical Eu
ions emission spectrum. Each point in an emission profile would be correlated with
an intensity with units of CCD counts. In order to get the total intensity of the Eu
emission, there was integration over the entire profile which would result in the total
integrated intensity collected. This process was also completed for the HeNe laser
emission profile – both spectra can be seen in Figures 2.6a and 2.6b. In order to
quantify the intensity in terms of meaningful units, such as SI units, the calibration
was implemented to convert the counts on the CCD to emission power.
At this point, it became pertinent to examine the multi-mode fiber, specifically
its core diameter of 12µm [82]. As mentioned above, the fiber was positioned at the
focal plane of the microscope. When the light from the laser was guided into the
microscope, not all of the emission was collected. Eu ion emission, at a wavelength
of 620nm, traveling through the objective, to the focal plane would correspond to
a beam diameter of 10µm (calculations explained later, in Section 4.1.1). Further,
working backwards, light collected in a similar geometry but outside the beam ra-
dius, as indicated by the dotted lines in Figure 2.8, would not be received by the
collection fiber. Therefore, since the HeNe laser fiber core produced a spot size of
12µm which is larger than the maximum beam diameter, under confocal alignment,
the light outside the 10µm diameter does not enter the collection pinhole. This
particular conclusion is crucial for the CCD counts to emission power ratio since all
the emission intensity was not collected by the microscope. With only 70% of the
emission collected, the measured power had to be scaled accordingly to make an
effective comparison between the CCD counts and collected power. Thus, with the
use of a He-Ne laser whose power we could measure directly, a CCD count to power
ratio was determined to be 1.29×107 CCD units per watt of power. The second
point of consideration was the power emitted per Eu ion. Incorporating the Eu ion
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(a) (b)
Figure 2.6. For reference, the figure to the left reveals the spectrum for the red laser
taken with .1s exposure time, it’s measured power being .001µW. The spectrum to
the right, taken with .4s exposure time, originates from Eu2 emission. The shaded
regions in both plots indicate the range integrated over to determine the integrated
emission intensity.
decay rate, approximately 200µs, and its emission energy, around 1.995eV, allowed
the calculation of the power emitted per Eu ion, 1.6×10−15W.
From the theoretical power per Eu ion, as well as the CCD count to power ratio,
the concentration of Eu ions participating in luminescence could be determined.
This calculation is summarized in Figure 2.9. Due to GaN’s high refractive index,
the extraction efficiency was incorporated so that we could account for all the Eu
ions undergoing radiative transitions. Moreover, we considered Snell’s law and the
critical angle determined by the ratio of refractive indices of air and GaN, the latter
being 2.4 [83]. Outside of a cone geometry governed by this critical angle, all emitted
light would be totally internally reflected. Since we are interested in the optically
accessibility of the Eu ions, it was necessary to consolidate all Eu ions participating
in radiative transitions and not just the ones whose red emission evolved beyond
the sample and into the detector.
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Figure 2.7. Careful calibration was completed using a He-Ne laser. Instead of
collecting sample emission, the confocal microscope was aligned to collect red laser
light which would experience similar intensity losses as the sample as its emission
traversed the optical system. With the laser power known, the power to CCD count
ratio was established.
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Figure 2.8. Above is ray diagram describing the travel of light from the laser
source to the collection fiber, the most relevant component being the path from the
focal plane to the collection fiber. Light outside the beam waist, identified by the
dashed line, does not enter the collection fiber.
Considering the nature of our experiment, diffusion lengths for GaN were briefly
contemplated, leading to the conclusion that it did not inherently affect our satura-
tion model due to GaN’s small diffusion length [84–86]. Moreover, most of the Eu ion
intensity was constricted to within our collection area.
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Figure 2.9. This flowchart depicts the intermediate steps taken to calculate the
number of Eu ions excited within our excitation volume.
2.2.4 Below Band-gap Excitation
This experimental setup is identical to the above band-gap configuration, with a
couple of notable exceptions. Below band-gap excitation necessitates an excitation
wavelength (energy) higher (lower) than 364nm (3.41eV). For our purposes, a Co-
herent 532nm laser was exploited to induce below band-gap emission. The laser light
travelled a similar path as outlined in Section 2.2.2 and was reflected off the dichroic
mirror used in the resonant excitation setup. Identical alignment procedures were
completed to accomplish confocal microscopy and the resulting emission from the
sample was collected by the detector. Figure 2.5 shows the experimental setup in
more detail.
2.2.5 Multiple Excitation Emission Spectroscopy
With this type of spectroscopy, all aforementioned experimental setups were com-
bined into one microscope able to accomplish more than one excitation simultane-
ously, shown in Figures 2.10 and 2.11. Two combinations were commonly adopted:
(1) above bandgap and resonant excitation and (2) above and below bandgap exci-
tation. The emission was collected in the usual way as delineated before.
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Figure 2.10. The top figures show a schematic for the design of the microscope
used to implement multiple excitation emission spectroscopy. The second picture is
the microscope itself.
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Figure 2.11. Experimental setup for multiple excitation emission spectroscopy.
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Chapter 3
Sample Survey
Common approaches to understanding the luminescence capabilities of Eu ions in
GaN:Eu lay within the study of Eu’s introduction during growth. In an effort
to optimize GaN:Eu for practical applications, we begin by exploring a variety of
growth techniques and co-dopants. Each production strategy aims to promote the
incorporation of the Eu ions while maintaining stability of the resulting centers and
enhancement of room temperature luminescence.
3.1 Sample Preparations
Samples are generally grown on sapphire (0001) substrates via OMVPE (using Taiyo
Nippon Sanso SR-2000 rector) by Dr. Yasafumi Fujiwara’s research group in Japan.
They are structured as such: 10nm GaN capping layer, 400nm thick GaN:Eu layer,
2µm undoped GaN layer, and a 30nm thick GaN buffer layer on sapphire. A typical
sample is produced at a temperature of 1030◦C and pressure of 100kPa. The doping
concentration is determined by the ratio of the flow rates of the N and Ga sources;
for example, rates of 6400 and 3200 (sample labels 264 and 262) corresponded to Eu
dopant concentration of 4× 1019/cm3 and 6 × 1019/cm3, respectively. This survey,
which starts with the optical features of traditional samples, 262 and 264, primarily
analyzes samples developed differently from the conventional avenue of growth with
key elements being quantum well structures, co-dopants such as O, Si, and Mg, and
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high and low growth temperatures. The QWs were introduced in Chapter 1 and in
order to appreciate the other aforementioned components and their influences, the
following subsections delineate their relevance to Eu ions.
3.1.1 Mg and Si co-doped GaN
As indicated earlier on in Chapter 1, Magnesium (Mg) is the dopant commonly uti-
lized to produce p-type conductivity. GaN:Eu,Mg can be grown via the customary
method, OMVPE, where Mg is introduced with bis-cyclopentadienyl magnesium
(CP2Mg). Mg plays the role of an acceptor whose level is approximately 250 meV
above the valence band [87]. When H is introduced into the semiconductor by the ni-
trogen source, ammonia (NH3), Mg experiences passivation and becomes electrically
neutral. N2 annealing, or low-energy electron beam irradiation (LEEBI), are imple-
mented to electrically activate the Mg acceptors, thereby achieving p-type GaN [1,2].
More details on GaN:Eu,Mg and H’s influence are explored in Chapter 4.
Another dopant, Silicon (Si) assumes the function of a donor in GaN whose level
is 22meV below the conduction band or 3.38eV above the valence band [88]. It is
incorporated with monomethylsilane (MMSi) during the OMVPE growth process.
Co-doping with Si alone does not create additional luminescence centers but it was
observed to weaken the Eu emission [89]. In contrast, other researchers revealed an
increase in emission due to Si incorporation, so the exact role of the donor on its own
is controversial [90]. When both Si and Mg are incorporated in GaN:Eu, additional
luminescence is observed since these dopants act as donor-acceptor pairs (DAP) that
enhance the excitation efficiency of the Eu ions [89,91]. Further, Si and Mg function as
donor-acceptor levels within the band-gap, expediting the radiative recombination
mechanisms and the energy transfer processes from the host material to the emitters.
Additionally, thermal quenching (the suppression of luminescence with increas-
ing temperature), is reduced in GaN:Eu,Mg,Si [89]. In rare-earth-doped GaN, this
temperature-dependent characteristic is sensitive to not only the band-gap of mate-
rials, but also the ionicity of the host [92]. Furthermore, co-dopants, which reshape
the ionicity around the Eu ion, facilitate electron-hole pair recombination near the
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ion, inhibiting the impact of thermal quenching [89].
3.1.2 Influence of Oxygen
Many semiconductor devices contain oxygen impurities that adopt diverse roles and
interact with the defect complexes within these materials. There has been the
long-term challenge of understanding oxygen’s influence which is greatly affected
by growth conditions of the semiconductors and its material chemical composition.
Oxygen’s influence has been particularly relevant to GaN for some time and sec-
ondary ion mass spectroscopy (SIMS) measurements have revealed that the oxygen
concentration in GaN is significant and on the order of 1016−17/cm3 [93,94]. Due to
this finding, a variety of studies have been completed on oxygen complexes and
their interplay with defects within GaN [67,93,94]. ON was determined to be incorpo-
rated into a substitutional position and exists as a dominant shallow donor with a
low formation energy [93]. Consequently, it assumes the role of a partial source for
the native n-type conductivity in GaN since it has a strong influence on the car-
rier concentration within GaN [93,95]. O also forms defect structures with VGa and
these VGa-ON complexes, which have been researched using positron annihilation
spectroscopy (PAS) and electron paramagnetic resonance (EPR), are thought to
be responsible for the yellow and green luminescence bands in GaN [67,94]. Other
defect structures studied were Oi (O positioned on interstitial locations) and OGa.
However, they were discovered to be extremely unfavorable in GaN [93].
While oxygen’s influence has been well researched in GaN and it has been dis-
covered to inhibit device performance [96], it’s role in rare-earth-doped GaN is still
an active area of study. Recently, a comprehensive study was performed on GaN:Eu
where it was demonstrated that O can be detrimental or conducive to Eu lumi-
nescence depending on the host material’s structural parameters [97]. In order to
comprehend O’s impact, and reduce its influence, a novel oxygen-free Eu source,
bis(npropyltetramethylcyclopentadienyl)europium (EuCppm2 ), was designed so that
control of the O concentration via doping could be established. Further, with this
new source, better compatibility could be achieved between GaN:Eu and commercial
40
nitride-based devices.
With this novel oxygen-free environment, Eu ions experienced an instability
where only 70% assumed their expected positions on Ga sites and the rest posi-
tioned themselves at interstitials [97]. In addition to the relocation of the rare earth
ions, Eu precipitation on the sample surface was also noted [97]. It is clear that
without the involvement of oxygen, Eu ions themselves do not incorporate well into
GaN, resulting in structural features detrimental to Eu luminescence. With the in-
troduction of lower concentrations of oxygen, Eu’s photoluminescence spectra was
broadened and the energy transfer efficiency between GaN and the ions were evi-
dently low [97]. As higher concentrations of oxygen were explored, the Eu spectrum
regained its sharp profile along with improved excitation efficiencies [97]. However, if
the amount of oxygen was too high, the spectrum would devolve into its broadened
state.
Since this study established that oxygen is crucial to Eu incorporation in GaN,
new samples were designed without the flow of O2 (using the oxygen-free Eu source)
and incorporating MQW δ structures [97]. These novel materials were fabricated such
that un-doped GaN and GaN:Eu layers were alternated with GaN kept at 10nm
thickness and GaN:Eu varied from 1nm-10nm. When compared to a sample with
continuous growth of GaN:Eu (using the oxygen-containing Eu source), the inten-
sities and spectra were comparable [97]. While Eu concentrations from the sample
grown with the oxygen-free source was found to be 25% that of the sample devel-
oped from the oxygen-containing source, the intensity of the oxygen-free sample
was 70% that of the latter [97]. Moreover, while Eu does not incorporate as well in
a oxygen-free environment, the δ structures growth technique produces a material
favorable for Eu luminescence.
Half of the samples discussed in this chapter, listed in Table 3.1, were developed
at high (1030◦C) and low (960◦C) growth temperatures using the oxygen-free source
mentioned above. The remaining materials comprised the traditional samples and
structures incorporating O, Si, and Mg co-doping.
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Sample Label Growth Temperature (◦C) Structural Properties
262 1030 V/III ratio: 3200
264 1030 V/III ratio: 6400
481 1030 Co-doped with Si at 12slm,
V/III ratio: 6400
D1 1030 40 alternating layers of 10nm
GaN and 1nm Eu:GaN
D2 1030 40 alternating layers of 10nm
GaN and 2nm Eu:GaN
D3 1030 40 alternating layers of 10nm
GaN and 3nm Eu:GaN
10 1LT 960 D1 structure grown at lower
temperature
10 2LT 960 D2 structure grown at lower
temperature
10 3LT 960 D3 structure grown at lower
temperature
D3HTO2Eu 1030 D3 doped with O, grown at a
temperature higher than what
is usually implemented for O.
GN1233 960 20min buffer layer (thickness:
1200nm), O at 250slm
GN1234 960 25min buffer layer (thickness:
1600nm), O at 250slm
GN1226 960 30min buffer layer, (thickness:
2000nm), O at 250slm
GN454 1030 Si and Mg co-doped Mg at
18slm, Si at 12slm, Eu at
1.5slm
Table 3.1. This table lists the variety of samples analyzed with their growth
temperatures, structures, and co-dopants mentioned as well. Further, these are
all the samples analyzed in this entire work, and not just this survey. 10 i are δ
structures grown at low temperature (960◦C). HT or LT markings present samples
grown at high (1030◦C) or low (960◦C) temperatures. (Here, slm denotes standard
liters per minute)
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3.2 Defect Complexes: Eu2 and Eu2*, and the
Stripe
The highlights of this survey involve Eu2 and Eu2*, incorporation environments
introduced in Chapter 1. As a reminder, the Eu ions are resonantly excited from
the 7F0 to
5D0 state. Even though this is a forbidden transition, due to violation
of angular momentum conservation, the crystal field supplies just enough of a per-
turbation to relax this selection rule. Notably, there is no crystal field splitting
expected for a J=0 state. Since the above mentioned transition is between two J=0
levels, as stated in previous chapters, each resonant emission profile is unique to each
defect structure. Eu2 and Eu2* are defects that can be excited over a wide spectral
range [63,98]. Both of the aforementioned centers, which are considered to be minority
sites (shown in Figure 3.1), exhibit behaviors belonging to high-symmetry incorpo-
ration environments. The key difference between them is that the Eu2* complex
experiences a weak perturbation, the nature of this perturbation being unknown,
and Eu2 exists in a relatively unperturbed environment [57].
Figure 3.1. A typical CEES map of sample 262 taken at T=10K under resonant
excitation conditions. Key sites, Eu2 and Eu2* (OMVPE 8), are indicated by the
black lines. The red box accentuates the stripe defect.
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3.2.1 Minority site: Eu2
Polarization measurements have revealed that Eu2 exhibits a main peak that is con-
structed from both pi and σ constituents of equivalent magnitudes, confirming that
Eu2 is a single center with C3v symmetry
[65]. Additional experimental exploration
into the structure of Eu2 showed that as the V/III or N to Ga ratio increased, so did
the formation of Eu2. When the V/III ratio was elevated, there was an observed in-
crease in gallium vacancies (VGa)
[99]. The correlation of Eu2 creation with increase
in VGa indicated that Eu2 is a complex comprising a Eu ion and a VGa. Theoretical
contributions have confirmed that there exists a large distance between the ion and
the vacancy such that the defect does not perturb the spectroscopic properties of
Eu2 [75]. Further evidence of this complex structure was noted in GaN:Eu co-doped
with Mg. Since high Mg incorporation, which results in high p-type conductiv-
ity, is detrimental to VGa formation, Eu2 is observed to mostly disappear in such
materials [65].
3.2.2 Minority site: Eu2*
While models for the structure of Eu2 exists, Eu2* lacks complete models and the-
oretical considerations for its origin, nature, and structural properties. Notably,
there is a temperature-dependent relationship between these two sites. With in-
creasing temperature, there is an increase in luminescence from Eu2*, combined
with a simultaneous decrease in Eu2’s intensity. Wakamatsu et. al tried to explain
this behavior by suggesting that there is a temperature dependent excitation mech-
anism involved with Eu2* where it might be excited through two localized trap
levels that could store carriers and subsequently emit them. However, the exact
details of this trapping center and the carrier migration process still needs to be
determined [60]. Further, a proposed model will be introduced in Chapter 5.
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3.2.3 The Stripe Defect
In Figures 3.1, 3.2, and 3.3, a stripe feature can be observed over a wide excitation
range, especially at Eu2 and Eu2* emission energies. While there is a synergy be-
tween the aforementioned sites, described in more detail in Chapter 5, this stripe
defect underscores their temperature-dependent excitation efficiencies. This out-
standing stripe defect is usually associated with the incorporation sites with higher
excitation efficiency, whether that be Eu2 in GaN:Eu (Figures 3.1 and 3.2) or Mg-
related sites in GaN:Eu,Mg (Figure 3.3). Moreover, the stripe originates from a
defect that is not confined to any one Eu complex but exists as an even distribu-
tion of traps throughout the dopant layer. Due to its uniform availability, it can
provide energy to all sites equally. However, the centers having the highest exci-
tation efficiencies will have an increased likelihood of capturing energy from this
defect. Furthermore, Eu complexes will compete for the traps energy and the ones
more efficient at acquiring energy will retain it for excitation. Hence, throughout a
wide range of excitation wavelengths, the stripe’s luminescence is observed at the
emission energies for the most efficient sites.
The origin of the stripe itself is still unknown, but potential candidate struc-
tures can be hypothesized. Measurements taken at T=10K of the sample with the
lower V/III ratio, 262, displayed the stripe at Eu2 emission energies. When the
temperature is increased to T=140K (CEES maps shown in Figure 3.2), the stripe
is observed at Eu2* as well, agreeing with the idea of the stripe being a randomly
distributed trap that transfers energy to the center with the highest excitation effi-
ciency. As indicated previously, Eu2* experiences higher excitation efficiencies with
increasing temperature, hence at T=140K the stripe is distributed between this
competing site and Eu2. Since the stripe emits most prominently in the sample
with the lower V/III ratio, the increase in nitrogen vacancies or decrease in gallium
vacancies may play a role in creating centers that are conducive to the stripe defect
formation.
In GaN, while the formation energies of the gallium and nitrogen antisites and
nitrogen interstitials are quite high, the vacancies have low formation energies [100].
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(a)
(b)
Figure 3.2. CEES maps for sample 262 at T=10K and T=140K are shown in Figure
(a) and (b), respectively. There is a stripe feature, most prominently observed in
262, seen at Eu2 at T=10K (Figure 3.2a, red box). At T=140, there is an Eu2*
site seen at Eu2 excitation energies. Additionally, the stripe is also noted at Eu2*
(Figure 3.2b, black box).
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(a)
(b)
Figure 3.3. Figures (a) and (b) reveal CEES maps taken for GaN:Eu GaN:Eu,Mg
respectively. Highlighted in red boxes is the stripe defect, which exists at (a)Eu2 in
GaN:Eu and at (b)Mg/Eu1 in GaN:Eu,Mg.
Moreover, antisites are unlikely to form in appreciable concentrations and vacancies
will be the most popular. The gallium vacancy (VGa) has one of the lowest formation
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energies in n-type GaN, where it acts as a triple acceptor and is pertinent to the
frequently observed yellow luminescence [100]. However, since the sample with the
stripe has fewer VGa, this type of vacancy may inhibit the stripe formation. In
Mg-doped samples, a similar trend is noted where doping with Mg increases p-type
conductivity which is detrimental to VGa formation
[101]. The stripe is seen, albeit
not as prominently, at a Mg-related center, as opposed to Eu2, since Eu2 is not the
incorporation environment with the highest excitation efficiency in these co-doped
samples.
Since vacancies have low formation energies, it is a likely candidate for the trap
related to the stripe. VGa defects seem to be stripe defect inhibitors so nitrogen va-
cancies (VN) may participate in structures conducive to stripe formation. Although
the exact incorporation environment is still debatable, the stripe accentuates the
change in excitation efficiencies between Eu2* and Eu2 as temperature is varied.
3.3 CEES Comparisons of a Variety of Samples
Combined excitation-emission spectroscopy (CEES) was adopted to examine the op-
tical properties and influences of various growth parameters and co-dopants. Specific
details of the CEES technique are described in Chapter 2 and CEES maps were col-
lected at T=10K, unless specified otherwise. For the sake of a coherent picture, the
samples surveyed can be grouped into 4 categories: the traditional samples (262 and
264), the δ structures (DS), the O co-doped, and the Si and Mg co-doped. Each
CEES map revealed crucial aspects about the Eu ion incorporation in GaN and
offered insight into which growth conditions were detrimental to GaN:Eu emission
profiles.
3.3.1 Samples with varying V/III ratio
As mentioned above, lower V/III ratios were shown to inhibit the formation of Eu2;
therefore, it was advantageous to research if a similar effect occurred for Eu2*. Two
key samples were chosen for this study, the sole difference being their V/III ratio,
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(a)
(b)
Figure 3.4. (a)A typical CEES map taken at T=10K under resonant excitation.
The excitation energies specific to Eu2 and Eu2* (OMVPE 8) are highlighted in pur-
ple and black respectively. (b)The emission profiles under these resonant conditions
is shown for both centers of interest.
where 262’s was lower and 264 is the current optimal ratio; the naming scheme was
solely derived from order of growth. For reference, Figure 3.4a reveals a typical
CEES map with lines highlighting the locations of the centers of interest. Figure
3.4b shows spectra extracted from the regions indicated by the lines, i.e. the lines
in Figure 3.4a mark the slices of CEES map seen as spectra in Figure 3.4b.
CEES were performed at T=10K and T=140K. As was discussed previously, in
sample 262, there is a stripe feature observed at Eu2 emission energies, and at higher
temperatures, at Eu2*’s emission region. A comparison of the CEES maps taken at
10K (c.f. Figure 3.2a and 3.5a) shows that Eu2 exhibits weaker luminescence in 262,
as expected. Eu2* depicts a similar behavior in that its formation is less favored
in this material. At higher temperatures, specifically T=140K, Eu2* is discovered
to emit more strongly and at additional excitation energies in both samples (c.f.
Figure 3.2b and 3.5b). Notably, it is observed to emit at Eu2 excitation energies as
well. An additional Eu2* site is seen at Eu1 excitation energies (c.f. Figure 3.2b) in
the sample with lower V/III ratio. While Eu1 is primarily being excited, some Eu2
is stimulated as well and the stripe facilitates Eu2’s reconfiguration. Nevertheless,
the salient point of these initial observations are that the excitation of Eu2 leads to
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the emission of Eu2*, especially in an environment with increased available carrier
density. In other words, at higher temperatures, the carrier density is elevated, sug-
gesting that the aforementioned reconfiguration mechanism could be carrier related.
These particular results are relevant to the work presented in Chapter 5 and will
assist in forming a model for the relation between Eu2 and Eu2*.
3.3.2 Samples with δ structures
In the DS category, 3 primary samples were explored – the key difference between
them being the thickness of the GaN:Eu layers. Each of these materials were labeled
as D(i) such that D symbolized ‘delta’ and (i) represented the thickness of the dopant
layer in nm, e.g. D2 indicates 2nm thickness. For the first sample, D1 (c.f. Figure
3.6a), it is clear that not only is the overall emission weakened (as compared to a
sample with the dopant layer grown in bulk instead of DS) a pair of sites, OMVPE
1 and 2, is absent in the region around energy coordinates (2.1725eV, 1.985eV),
which represent (excitation energy, emission energy). More importantly, the Eu2
incorporation environment, along with Eu2*, is completely missing. Still, with their
absence, the stripe, a feature delineated in a previous section, is a prominent element,
suggesting that there may be a very low concentration of Eu2. When the sample
is grown at a lower temperature (LT) of 960◦C, the aforementioned sites, including
Eu2, reappear but the stripe itself disappears (c.f. Figure 3.6b). This suggests that
lower temperature growth may not be favorable for the inclusion of stripe-related
defects. Additionally, there is a small degree of inhomogeneity around the Eu2 and
Eu2* emission areas.
In D2’s CEES map (c.f. Figure 3.7a), there is a apparent difference immediately
identified by the number of sites present. Specifically, OMVPE 1 and 2 are no longer
missing, indicating that D2’s growth structure promotes the clustering of Eu ions.
Hence, there is the resurgence of the aforementioned pair of centers. Additionally,
there is some Eu2 and Eu2* emission appearing along with the slight possibility
of a stripe at the Eu2* emission energy, even though the stripe at Eu2* is usually
seen at T=140K. This speaks to the improved excitation efficiency of Eu2* under
50
(a)
(b)
Figure 3.5. CEES maps for sample 264 at T=10K and T=240K, shown in Figure
(a) and (b), respectively. At T=10K, the Eu2* center is indicated by the black
square. Comparatively, extra Eu2* emission sites, highlighted by the black rect-
angle, are seen at T=140K. Moreover, Eu2* is observed to emit at Eu2 excitation
energies as well.
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(a) Sample label: D1. Map shown for GaN:Eu dopant region grown as δ structures; it
comprises alternating layers of 10nm GaN and 1nm GaN:Eu. Eu2, Eu2*, in addition
to other sites, OMVPE 1 and 2, seen at energy coordinates (2.1715eV, 1.985eV) and
(2.1725eV, 1.985eV), are absent. The stripe is accentuated by the purple rectangle.
(b) Sample label: 10 1LT. Map shown for GaN:Eu dopant region structured identically
to that of D1, but grown at a lower temperature of 960◦C. At this growth temperature,
some missing sites (c.f. Figure 3.6a) make an appearance, including Eu2, Eu2*.
Figure 3.6
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(a) Sample label: D2. Map shown for GaN:Eu dopant region grown as δ structures; it
consists of alternating layers of 10nm GaN and 1nm GaN:Eu. Compared to D1, many
more sites have recovered, including Eu2 and Eu2*.
(b) Sample label: 10 2LT. Map for a sample designed similarly to D2 but grown at LT of
960◦C. While the variant sites (indicated by the purple box) are strongest in this sample of
the LT series, there is inhomogeneity around the Eu2 site that is worsening with increasing
thickness of the individual δ structure layer for GaN:Eu
Figure 3.7
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Figure 3.8. Sample label: 10 2LT 140. CEES map taken at T=140K. Not only is
Eu2* emitting at additional energies, around energy coordinates (2.173eV, 2.008eV)
(highlighted by the black box), the variant sites are following a similar pattern
(indicated by the purple box).
these growth conditions. When this particular sample is grown at LT, the observed
luminescence properties were similar to the ones noted in D1 grown at LT, with
the addition that the inhomogeneity around Eu2 and Eu2* regions had worsened
significantly and the luminescence from the aforementioned sites had experienced a
notable increase (c.f. Figure 3.7b). Variant sites, or Eu2*a and Eu2*b which is the
naming scheme for the two centers occurring at excitation energies 2.175eV and at
that of Eu2*, are discovered to emit the most in D2 compared to the rest in the
low-temperature-grown-DS group. Due to this feature, a CEES map was taken at
T=140K (c.f. Figure 3.8). It revealed that Eu2*a,b (shortened form of Eu2*a and
Eu2*b) follow a similar behavior to Eu2* in that they emit at additional emission
energies at this higher temperature. With these results in mind, it is hypothesized
that, the variant sites may be Eu2* experiencing a modest perturbation.
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(a) Sample label: D3. Map shown for GaN:Eu dopant region grown as δ structures; it
includes alternating layers of 10nm GaN and 3nm GaN:Eu. Eu2, and its associated stripe
feature, emit the strongest at this GaN:Eu δ structure thickness. Additionally, the stripe
is seen at Eu2* as well.
(b) Sample label: D3HTOEu. Map for a sample designed similarly to D3 but co-doped
with O and grown at the D3 growth temperature which is higher than the one typically
used when doping O. The overall emission is similar to that of a GaN:Eu dopant region
grown in bulk instead of the δ structure technique.
Figure 3.9
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Figure 3.10. Sample label: 10 3LT. CEES map for a sample designed similarly to
D3 but grown at the lower temperature of 960◦C. The emission from Eu2* (displayed
in the black box) and Eu2*a,b (shown in the purple box) are weakened and Eu2’s
inhomogeneity (indicated by the red box) has worsened. This non-uniformity is
seen at the Eu2 emission energy, 1.996eV, where even the stripe feature is not well
defined.
Out of all the DS samples, D3’s environment appears to be conducive to Eu2
formation, as substantiated by Figure 3.9a. Eu2’s emission, along with the stripe
associated with it, are strongest in this sample. Additionally, the stripe at Eu2* is
even more prominent; this behavior is not expected since, as mentioned previously,
the stripe is usually seen at this emission site at T=140K. Since the stripe is seen
at both of the centers mentioned above, this indicates that Eu2 is well incorporated
into the sample and, therefore, has an increased likelihood of converting into Eu2*.
Interestingly, when D3 is co-doped with O, its CEES map (c.f. Figure 3.9b) re-
vealed that Eu2*a,b, which are usually absent in the DS series not grown at LT,
are observed, along with relatively considerable emission from Eu2*. However the
stripe at both Eu2 and Eu2* are not as strong as the O-free companion sample.
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Figure 3.11. Sample label: GN1226. CEES map shown for a sample co-doped with
oxygen and grown at lower temperatures appropriate for oxygen incorporation. The
incorporation centers are not well defined and there is some inhomogeneity around
them, especially around Eu2 (red box) and Eu1.
When D3 is grown at LT, the emission inhomogeneity of Eu2 is at its worst and
the noted non-uniformity extends further along its stripe region (c.f. Figure 3.10).
Additionally, Eu2* and its variant sites only appear faintly. In terms of the presence
of Eu2*, we may speculate in the role of available carriers and maybe confinement.
3.3.3 Samples with O co-doping
In other avenues of sample growth, the effects of O co-doped GaN:Eu produced on
various buffer layer thicknesses were examined. For all samples, O was introduced
at a flow rate of 250slm. Each individual sample’s buffer layer was grown during a
specific time which correlated with their thickness; i.e., 20min, 25min, and 30min
growth periods corresponded to layer thicknesses of 1200nm, 1600nm, and 2000nm,
respectively. Starting with the sample with the highest buffer growth time (30mins),
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GN1226 (c.f. Figure 3.11), there is an overall weakened luminescence observed in
its CEES map and the centers are not well defined – there is much inhomogeneity
around Eu1 and Eu2. This non-uniformity worsens in GN1233 (c.f. Figure 3.12a),
which is grown with a buffer time of 20mins, the lowest buffer growth time in
this series. Equally important, Eu2*’s emission is the strongest in this particular
sample. When the buffer growth time is switched to an intermediate value of 20mins
(CEES map shown in Figure 3.13a), the level of inhomogeneity is on the order of
that observed in GN1233. However, Eu2*’s emission is lessened. A key aspect
from this O co-doped series, besides the stronger emission observed from Eu2*, is
the appearance of Eu2*a,b. These incorporation environments are noted in some
GaN:Eu samples but they are observed to emit the strongest in this particular set
of samples. The strength of these centers’ emission depended on the intensity from
Eu2*, i.e. since Eu2* emitted the strongest in GN1233, so did its related centers.
Since Eu2*a,b emitted the strongest in the O-doped samples and a possible
connection to Eu2* was suspected, CEES maps were collected at T=140K. Starting
with the sample with the lowest buffer time (20mins) (CEES map shown in Figure
3.12b), at T=140K, Eu2* was exceptionally bright at Eu2 excitation energies, a
feature not seen in any other sample. Comparatively, the variant sites were emitting
at energies akin to those of Eu2*. At an increased buffer time (25mins), the CEES
map revealed similar emission sites as those seen in GN1233 (c.f. Figure 3.12b)
but with lower intensity. Even though CEES was completed for the sample with
the highest buffer time (30mins) at T=10K (c.f. Figure 3.11), the luminescence
was significantly lower for both Eu2*a,b and its predecessor so a map at higher
temperatures was not measured.
3.3.4 Sample co-doped with Si and Mg
As previously mentioned, Si and Mg have been identified as a donor acceptor pair
(DAP) in GaN:Eu [91]. In GN454, this DAP is incorporated in the GaN:Eu dopant
layer at rates of 18slm (slm denotes standard liters per minute)and 12slm for Mg
and Si, respectively. The CEES map for this particular material, seen in Figure 3.14,
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(a) Sample label: GN1233. CEES map shown for a sample co-doped with oxygen and
grown on a buffer layer with a thickness of 1600nm. There appears to be increased
emission, especially in Eu2 and Eu2*, but the inhomogeneity around Eu2 (red box) and
Eu1 has exacerbated.
(b) Sample label: GN1233 140. CEES map taken at T=140K. While the inhomogeneity
is retained, Eu2*a,b (shown in the purple box) and Eu2* (highlighted by the black box)
emit at additional energies with the latter being exceptionally bright at Eu2 excitation
energies (indicated by red arrow).
Figure 3.12
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(a) Sample label: GN1234. CEES map shown for a sample doped with oxygen and grown
on a buffer layer with thickness of 1200nm. Even though Eu2* (shown in the black box)
and the variant sites (highlighted by the purple box) are prominent, the inhomogeneity
around Eu2 (indicated by the red box) is at its worst and the luminescence is weakened
overall.
(b) Sample label: GN1234 140. CEES taken at T=140K. Like the previous oxygen-related
CEES maps taken at the aforementioned temperature, Eu2*a,b (in the purple box) and
Eu2* (revealed in the black box) are observed to emit at additional energies with Eu2*’s
strongest emission occurring at Eu2’s excitation energy (indicated by the red arrow).
Figure 3.13
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resembles that of a typical GaN:Eu CEES map with the exceptions that Eu2* emits
strongly and there is an additional center radiating at energy coordinates (2.174eV,
1.999eV). Further, a slight stripe feature is seen extending along this aforementioned
center’s emission energy, indicating its higher excitation efficiency. In the inset
of Figure 3.14, another similarly co-doped sample was analyzed [101]. However, its
CEES map revealed Mg-related stripe features and lacked the aforementioned Si-
Mg site [101]. When the experiment for this earlier sample was completed, the green
box (c.f. Figure 3.14) advertised this center’s predicted location in the phonon-
assisted excitation region. Due to the low intensity emanating from this location, it
is assumed that the amount of existing Si-Mg-Eu incorporation environments was
very small. Moreover, the appearance of the Si-Mg related sites in GN454, and the
lack of the other Mg stripe, indicates that the growth of this sample was conducive
to Si-Mg incorporation – more so for Si, even though the Mg flow rate was higher.
If more of the Mg was incorporated, the CEES map would have revealed other Mg-
related stripes at higher emission energies. As it stands, the overall luminescence
from this sample is comparable to a good GaN:Eu sample, with the exception of the
additional site and the particularly high intensity of Eu2*.
3.4 Eu2*a,b Analysis
As mentioned earlier, the variant sites are defined as sites near Eu2* region, specifi-
cally at energy coordinates (2.176eV, 2.004eV) and (2.175eV, 2.004). These centers
are usually seen, albeit faintly, in almost all GaN:Eu samples. They do not possess
an effective excitation efficiency or high numbers (their relative concentration to Eu1
revealed in Table 3.2) indicating their low likelihood of formation. However, in the
DS materials, they are completely absent and only reappear slightly in the DS grown
at LT or strongly in the oxygen co-doped samples. Additionally, there needs to be
existing Eu2* incorporation environments for variant site formation, indicating that
the latter are perturbations of the former. This can be seen quantitatively when a
comparison is made between the relative concentrations of Eu2*, Eu2*a,b and Eu2
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Figure 3.14. Sample label: GN454. CEES map for a sample co-doped with Si and
Mg. While the sample emission resembles a pure GaN:Eu, an additional emission
site is seen in the red box at energy coordinates (2.174eV, 1.999eV). The inset
displays a CEES map highlighting the expected location of a Si-Mg site which was
observed in the zero-phonon region but absent in the phonon-assisted excitation
regions [101].
at T=10K. From Table 3.2, it can be surmised that Eu2*a,b scales more closely
with Eu2* than Eu2. For example, in sample 1234, the Eu2 relative concentration
experiences a decrease but Eu2* and its descendants undergo a slight increase in
their relative numbers. Likewise, the strength of the variant sites are observed to
be similar to each other, as if the sites existed as a pair.
Correspondingly, a similar investigation was completed at T=140K (results shown
in Table 3.3) where Eu2*a,b were discovered to mimic Eu2* in that they also emit-
ted at additional energies at higher temperatures. Considering the emission from
Eu2* and its relatives, at lower temperatures, the intensity from Eu2* surpassed
that of Eu2*a,b, but at higher temperatures, the emission strengths are similar.
Another comparison of the the relative emission strengths of Eu2* and Eu2*a,b at
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Sample Eu2:Eu1 Eu2*:Eu1 Eu2*a:Eu1 Eu2*b:Eu1
1233 0.051 0.012 0.008 0.008
1234 0.047 0.014 0.009 0.011
10 2LT 0.028 0.008 0.006 0.006
Table 3.2. For the samples with the strongest occurrences of Eu2*a,b, given above,
the intensity at T=10K of the centers of interest were compared to that of Eu1 to as-
semble a quantitative analysis of the variant sites behavior. Notably, Eu2*a,b scaled
better with Eu2* than with Eu2. Also, both Eu2*a,b sites existed in comparable
numbers in that their emission intensity were almost always similar.
T=10K and T=140K revealed that the variant sites brighten more than their par-
ent complex. While Eu2*’s relative strength at higher temperatures is an average
of 1.4 times that at lower temperatures, the variant sites at T=140K are averaging
twice their emission at lower temperatures, suggesting that the creation of these
Eu2* descendants is facilitated by the increased carrier density available at elevated
temperatures. Notably, at the Eu2 resonant excitation energy, Eu2* is generally
emitting more strongly than when it is excited at its corresponding resonant en-
ergy (c.f. Figures 3.13b, 3.12b, 3.8), supporting the carrier-driven reconfiguration
Sample Eu2:Eu1 Eu2*:Eu1 Eu2*a:Eu1 Eu2*b:Eu1
1233 0.057 0.022 0.020 0.021
EEEE 0.030 0.021
1234 0.057 0.021 0.018 0.018
EEEE 0.030 0.020
10 2LT 0.032 0.012 0.010 0.013
EEEE 0.017 0.012
Table 3.3. (EEEE: Emission from Eu2 Excitation Energy) Like the results in Table
3.2, ratios were completed between Eu2, Eu2*, Eu2*a,b and Eu1, at T=140K, to
determine relative strengths of the emission from pertinent sites. Additionally, a
similar comparison was completed for Eu2* and Eu2*a/b emission at Eu2 excitation
energies. At this higher temperature, Eu2* and Eu2*a,b are comparable to one
another at their respective resonant energies. However, at Eu2’s resonant excitation
energy, Eu2* is significantly stronger.
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process to be described in in Chapter 5. At the same time, Eu2*a/b’s emission
produced under Eu2 resonant excitation remains about the same when compared to
their emission under their respective resonant energies, underscoring the fact that
Eu2* has a higher excitation efficiency than Eu2*a,b.
In other works, O was thought to be a donor in the DAP for Eu2 [65]. Further-
more, the lack of O in the DS samples may inhibit the formation of Eu2*a,b since
they are unlikely to occur overall but sometimes do because of O. Even though there
are no variant sites in the DS materials, their growth technique is exceptionally con-
ducive to Eu2 and Eu2* creation. Since the stripe trap is adept at retaining carriers,
and the centers with the highest excitation efficiencies are more likely to capture
electron-hole pairs, Eu2 and Eu2* both develop stripes at increasing GaN:Eu layer
thicknesses. This confirms that the DS growth technique is useful in promoting the
Eu2* and Eu2 defect complexes. Equally important, it also suggests that O, which
is absent in the EuCppm2 source, may be necessary to increase the probability of
Eu2*a,b. Chapter 5 delineates the relationship between Eu2* and Eu2 and reveals
that a conversion process is indeed probable. Furthermore, conversion from Eu2*
into Eu2*a,b is facilitated with the assistance of O donors.
While the DS CEES maps are devoid of Eu2*a,b, when these materials are
grown at lower temperatures, the centers do return. However, as mentioned earlier,
Eu2 emission does weaken at lower temperatures and it experiences a loss in its
uniformity around its emission site. The Eu concentration within the dopant layer
is rather sensitive to the growth temperature [58]. In fact, for samples grown at a mere
50◦C difference in temperature, the range in concentration of Eu incorporated was
significant. While samples grown at 1050◦C had a Eu concentration of 7×1019cm−3,
those grown at 1000◦C possessed 1× 1020cm−3. However, luminescence features did
not scale with Eu ion incorporation, i.e. the sample with the higher Eu density was
less favorable for Eu2 defect formation, hence less Eu2 luminescence was observed
in this material. During growth at lower temperatures, the DS structures may
incorporate more Eu and the environment might lead to better enrichment of variant
site defect complexes.
CEES maps of the O co-doped series confirmed the above mentioned hypothesis,
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Figure 3.15. CEES maps shown for GaN:Eu/GaN (the bulk sample) and in the
inset, D1. The stripe features at 2.014eV and 2.0178eV are seen in the DS material
but not in the sample grown on a GaN substrate.
suggesting that O co-doping, in addition to the appropriate buffer layer thickness, is
conducive to the enrichment of variant defects. Correspondingly, these buffer-time-
dependent results reveal that thicker buffer layers, which would decrease the effect
of threading dislocations on the dopant layer, do not guarantee the incorporation of
environments favorable to defect luminescence. Thus, developing the sample at the
lowest buffer time of 20mins was optimal for O incorporation such that the variants
sites, and their predecessor Eu2*, were most likely to form. Overall the sample
survey has revealed that not only are the variant sites related to Eu2*, but O is a
necessary component for their successful introduction.
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Figure 3.16. The plot to the left reveals Eu emission spectra with the intra-4f shell
transitions responsible for each peak [68]; the purple region highlights the emission
region of interest. The spectrum to the right originates from the majority site, Eu1
with the stripe peaks identified. This particular measurement was done on sample
D1 which exhibited the strongest stripe features. By comparing both plots, it is
clear that the transition for the stripe complex does not emerge from the 5D0–
7F1
or 5D0–
7F2 transitions.
3.5 Stripe Features at 2.014eV and 2.018eV
The main stripe feature in GaN:Eu has been associated with centers possessing high
excitation efficiencies such as Eu2 and Eu2*. For example, in the DS materials the
stripe was not only seen at Eu2, but at Eu2* as well, demonstrating that the sample
growth conditions promoted the development of Eu2* with enhanced excitation
efficiencies. On the whole, while the highlights of the sample survey were Eu2*a,b
and co-dopant influences on GaN:Eu, another key difference was examined as well:
the optical properties of sample growth on a bulk hydride vapor phase epitaxy
(HVPE) grown GaN substrate versus the traditional sapphire substrate. As stated
in the introductory chapter, while the development of bulk GaN is simple, it is
difficult to produce since traditional growth techniques require high temperatures
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and pressures. Another, more feasible method of GaN development involves growth
on foreign substrates such as sapphire and silicon carbide (SiC) [37–39]. Unavoidably,
the lattice mismatch between the two layers provides a high density of dislocations
in the GaN layer [40–42].
In all samples grown on sapphire, there are stripes noted at emission energies of
2.014eV and 2.018eV. These features are most notable in the DS materials. When a
bulk grown HVPE GaN substrate was employed, those stripes are no longer present
in the CEES (c.f. Figure 3.15), suggesting that they may be stress related due to the
lattice mismatch (%16) between GaN and sapphire. To explore if these stripes were
related to any Eu incorporation sites, temperature dependent measurements under
off resonant excitation were completed. Results suggest no correlation between the
centers and the stripe features. Additionally, by examining the Eu intra-4f shell
transitions and their resulting peaks, it can be surmised that the stripe does not
derive from any of the given transitions (c.f. Figure 3.16). With this in mind, the
stripe may be due to a strain-induced 5D0–
7F2 transition. In order to fully appreciate
the source of these stripes, future work would have to include CEES maps of GaN:Eu
grown on other potential substrates such as SiC or a different buffer layer such as
aluminum nitride (AlN).
3.6 Conclusions
The sample survey opened with results from traditional materials and provided in-
sight into the relationship between Eu2 and Eu2*, an exchange that will be explored
further in Chapter 5. These studies also contemplated the stripe feature whose origin
is likely a VN . Additionally, the luminescence from GaN:Eu grown under a non-
traditional technique and co-doped with various dopants, especially oxygen, were
investigated. From these examinations, a key result was that one group of minority
centers, the variant sites, Eu2*a,b, seem to be versions of Eu2*. While they are
unlikely to form in oxygen free environments, they are likely to occur in systems
conducive to Eu2* development. The variant sites follow a similar pattern as Eu2*
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when temperature increases, hence the reasonable probability that these sites are
interconnected. Further, Eu2*a,b might be Eu2* experiencing dissimilar levels of
perturbation.
In other avenues of the survey, a sample co-doped with Si and Mg was able to
confirm a Si-Mg-related site predicted to appear in the phonon-assisted regions, but
in smaller concentrations. The incorporation of Si and Mg was favorable for this
particular center, but not the Mg-related centers observed in a previous, similarly
co-doped sample (c.f. Figure 3.14). All samples thus far were grown on sapphire sub-
strates with the exception of one that was grown on a HVPE grown GaN substrate.
One of the key differences was the absence of stripes (at 2.014eV and 2.0178eV) in
the bulk grown material, indicating a stress-related defect was responsible for those
emission features. In order to confirm their origin, as mentioned above, exploration
of other substrate materials would be necessary.
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Chapter 4
Saturation behavior of Eu ion
emission in GaN
Eu1 being the majority site, has garnered much interest in the studies of GaN:Eu.
Eu2, a minority site is also of interest due to its high excitation efficiency. That being
the case, it was advantageous to investigate the maximum concentration of these
centers that were contributing luminescence. As a refresher, their defect structures
are shown in Figure 4.1 and their emission spectra are revealed in Figure 4.2 for
further reference.
Chapter 1 introduced the incorporation environments of interest and revealed
that Eu1 consists of EuGa paired with a VN and Eu2 comprised a EuGa and a
VGa. Additionally, both centers can exist as efficient or inefficient versions. It is
speculated that Eu2’s more efficient form has an O donor, within the vicinity of the
complex, which establishes a donor acceptor pair (DAP) with the VGa. The O is
close enough to enhance the excitation efficiency of the center but not too near that
it perturbs the emission profile for the center itself. Similarly, Eu1 can have its VN
establish a DAP with a VGa and while this increases the excitation efficiency for the
site, the emission profile shape is retained [65].
Both Eu1 and Eu2 assume 85% - 95% of the Eu ion population and contribute
the majority of luminescence exiting the samples [6,102]. Eu1 and Eu2, the latter
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possessing the higher excitation efficiency, can be excited resonantly or under indi-
rect excitation. Of relevance to this work is the method of indirect excitation; one
way of accomplishing this is above-band gap excitation which creates electron hole
pairs (EHP) within the host material. When EHP recombination occurs within the
vicinity of the Eu ions, depending on their excitation efficiency, the ions can accept
this energy and subsequently release red emission. Eu2 is considered the most effi-
cient center [8]; therefore its emission is highest in this excitation regime, compared
to other incorporation sites. Moreover, since Eu2 is most efficiently excited with
above band-gap light, it is the dominating center under 355nm excitation. Still, the
emission intensity triggered by these excitation conditions is feeble and does not
scale with the number of Eu ions incorporated into the sample [102]. In other words,
there is no apparent correlation between the concentration of Eu ions and the ob-
served emission. Furthermore, the entire population of Eu ions cannot be excited
via electron-hole pair recombination energy.
Below band-gap excitation is another means of indirect excitation; by this method,
Eu ions can be excited via traps. Eu1, while weakly excited under above band-gap
excitation, can be indirectly excited just below the band-gap due to its association
with shallow traps taking the form of shallow donors, nitrogen vacancies [61]. Hence,
Eu1 is the only center that can be excited just below the band-gap at 364nm. More
details on the exact nature of the excitation via traps is reviewed in Chapter 5.
The realization of an efficient GaN:Eu active layer derives from the ability of the
Eu ions to be effectively excited by electron hole pairs. While the optical properties
of GaN:Eu have been sufficiently studied, the optical accessibility, being the absolute
fraction of the concentration of Eu ions that contribute to luminescence, is still
debated [103]. In this work, we present a study of the percentage of Eu incorporation
centers, explicitly Eu1 and Eu2, actively participating in luminescence, the goal
being to determine the fraction of Eu ions that can be excited.
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Figure 4.1. The defect complexes for Eu1, the majority site, and Eu2, a minority
center, are shown above. Eu2 comprises a EuGa and a VGa and is preferentially
excited using above band-gap excitation at 355nm. The Eu1 complex contains a
EuGa with a VN nearby and can be accessed just below the band-gap at 364nm.
4.1 Modeling of Saturation Behavior
The samples chosen for this study are 264 and 481, the former having an optimized
V/III ratio and the latter co-doped with Si. Both sample growth parameters can be
found in Chapter 3. Additionally, the experimental basics and calibration processes
are detailed in Chapter 2.
After a typical saturation profile was observed (c.f. Figure 4.3); the data is
presented to emphasize the saturation plateau at higher powers – such a feature
would be absent in a Log-Log plot. It is clear that at lower powers, a low amount of
Eu ions are excited and as the input photon rate is increased, their numbers start
plateauing, indicating that the maximum concentration of Eu ions has been excited.
Additionally, with the large range of input photon rates implemented, 2× 1013/s to
2 × 1016/s, the lowest data point is very close to the y-axis, deceivingly indicating
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Figure 4.2. The emission profiles for Eu1 and Eu2 are seen above. While the pro-
files look very similar due to the loss of distinguishable peaks at room temperature,
their individual uniqueness originates in the emission peak for each center, with Eu2
at 1.9912eV and Eu1 located at a slightly lower energy. The red circles highlight
the slight changes in emission peaks between the Eu1 and Eu2 spectra.
that there is emission at zero input power when that is not the case. In other words,
there is no emission at zero power. Rather, the data is showing emission at an
input rate of 2 × 1013/s but since this value is 3 orders of magnitude less than the
maximum input rate of 2× 1016/s, the data point corresponding to the emission for
this excitation is extremely close to the y-axis.
Due to the above mentioned saturation behavior, a model was developed to fit
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Figure 4.3. This plot reveals the number of Eu ions excited as a function of input
photon rate. After initial excitation at lower rates, the concentration of ions plateaus
at higher powers, indicating the maximum fraction of Eu that is being excited. Note:
due to the large input photon rate, it may be misconstrued that there is emission at
zero – that is not the case. In fact, the lowest rate is on the order of 1013s−1, which
is 3 orders of magnitude less than the maximum input rate, hence the data point is
very close to the y-axis.
this data and predict the maximum fraction of Eu ions that are being accessed.
Preliminarily, we have to consider the amount of Eu ions we can theoretically access
within our excitation volume. We assume our excitation volume is cylindrical in
geometry, due to the minuscule thickness of our samples, so that the axial intensity
distribution would be homogeneous. With this geometry, we derived the radius of
our cylinder by considering the optical components of a confocal microscope.
4.1.1 Excitation Volume
When performing confocal microscopy, the sample is positioned at the focus of the
microscope’s objective where it experiences excitation via pertinent laser beams.
One of the key features of a laser beam is that it has a Gaussian distribution and if
we were to solve the Fresnel integral itself rather than the Fraunhofer approximation,
we would discover that as the beam propagates through the optical system it retains
its Gaussian profile [104,105]. Furthermore, we can assume that at focus, the laser
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Figure 4.4. As a Gaussian beam traverses an optics assembly, the beam waist
changes as it travels through each optical elements, as illustrated in the above dia-
gram. Depending on the properties of the lens, the beam waist will change accord-
ingly.
beam has a diameter equivalent to the beam waist. However, as the beam travels
through each optical element, the wavefront curvature is altered causing a slight
variation in this parameter (c.f. Figure 4.4). For our purposes, we can estimate the
beam waist using basic optics principles and extract an upper limit for the excitation
volume.
First, we assume an aberration-free diffraction-limited optical system. When
imaging an ideal point source, the source is not a point in the image plane but more
like a blurred spot. This feature correlates to a well-defined intensity distribution,
the point spread function (PSF) of the optical system, which in our case is a circular
lens system [104]. As the point source’s spherical waves enter the objective, the wave-
fronts are clipped by the objective’s aperture and the light diffracted at the edges
interfere with the light coming from the remaining part of the objective. Hence, the
image size of the point source is limited by the numerical aperture of the objective
and the emission wavelength λ. An objective’s numerical aperture can be defined
as:
NA = n sinα (4.1)
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where n is the refractive index of the medium and α represents the semi-aperture
angle of the objective. We must also examine the optical system’s lateral resolution
by implementing the Rayleigh Criterion. Particularly, if the distance d between the
two point sources is such that there is significant overlap between the two intensity
distributions, the sources are no longer distinguishable from one another. Consid-
ering the Rayleigh Criterion, the first minimum for the PSF, in real space units, is
defined as [104]:
x0 =
0.61 · λ
NA
(4.2)
where λ is the wavelength of interest. The full-width-half-maximum (FWHM)
can then be approximated as
r0 =
0.61 · λ√
1 + Γ2 NA
(4.3)
where Γ = λexc
λdet
and the factor
√
1 + Γ2 results from the improvement of the
lateral resolution in the limit of an infinitely small detection pinhole [105]. Our mi-
croscope is designed so that the previous limit is appropriate. Since we are interested
in the radius of the beam, which characterizes our excitation cylinder, we note that,
for a rotationally symmetric normalized Gaussian beam, the beam waist or beam
diameter or ‘spot size’, db, is equivalent to 1.7r0,
db =
1.04 · λ√
1 + Γ2 NA
(4.4)
where the linear relationship between rb and r0 can be derived as follows:
The intensity of the Gaussian beam can be represented as I = I0e
− 2r2
w2 , where w is
the half width of the beam when the intensity is at 1/e2 its maximum value. For
a normalized Gaussian, at r0 the aforementioned equation simplifies to 0.5 = e
− 2r2
w2
and r = r0
2
. After a bit of algebra, w = 0.85 × r0 and the beam waist results as
1.7×r0.
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Using our cylindrical symmetry, the excitation volume becomes:
V = pi · (db
2
)2 · t = pi · ( 0.52 · λ√
1 + Γ2 NA
)2 · t (4.5)
where t is the thickness of the sample. Assuming the Eu ions are doped uniformly
throughout the sample, the number of Eu ions that can be theoretically accessed
within this volume simply depends on the doping concentration of the sample and
the excitation beam radius. For this study, the volume was 3.27×10−19m3 with
1.81×107 ions occupying it.
4.2 A Model for Determining the Fraction of Eu
ions that are Optically Accessible
The number of Eu ions participating in luminescence or the portion that is optically
active is referred to as N2. Ascertaining N2 required consideration of the rate equa-
tion governing the excitation and emission behavior. Figure 4.5 depicts a simplified
energy level scheme demonstrating the transitions of Eu ions, which further reduces
to a two-level rate equation:
dN2
dt
= PN0 − kN2 (4.6)
where, P is the input photon rate, N0 correlates to the Eu ions in the ground state,
and k, the decay rate, is on the order of 4500/s for the Eu centers studied in this
work [68]. P is defined as:
P = number of input photons× transfer efficiency
transfer efficiency = κTκEu
κT = probability for a Eu coupled trap (a defect structure within the vicinity
of the Eu ion) to absorb energy
κEu = probability for a Eu coupled trap to excite a Eu ion
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Figure 4.5. Simplified energy level scheme illustrating the transitions of Eu ions.
The Eu ions are excited from the 7F0 to the
5D0 via optical pumping at input
photon rate, P. This process also comprises electron-hole pair recombination near
Eu-coupled traps. Once excited, the ions subsequently experience a decay to 7F2,
simultaneously emitting a red photon. Any decays occurring from 7F2 to
7F0 are
negligible due to their fast time scales.
The assumption that all photons are absorbed is derived from the absorption
coefficient of GaN at room temperature, 8.5×104/cm and 5×103/cm, for excitation
wavelengths 355nm and 364nm, respectively [106]. Using this value, the penetration
depth was computed to be on the order of the dopant layer thickness for the above
band-gap light and microns for the below band-gap light – the critical conclusion
being that UV light was available for excitation throughout the volume of interest.
Equation 4.6 considers the dynamics of the electrons within a Eu ion as it experiences
excitation from the 7F0 to the
5D0 state and subsequent decay down to the
7F2
state while emitting a photon. Any transitions occurring between 7F2 and
7F0 are
negligible due to their fast time scales and do not contribute to red luminescence.
The total number of Eu ions doped in the excitation volume can be expressed as:
Ntotal = N0 +N2 (4.7)
Solving this system of equations for the number of Eu ions actively participating
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Figure 4.6. In this ‘No. of Eu Ions Excited’ vs. ‘Input Photon Rate’ plot, the
dots represent experimental data and the line symbolizes the predicted saturation
behavior determined by the model. It is clear the proposed model, in its current
form (Eq. 4.8), does not fit the data well.
in luminescence gives:
N2 =
NtotP
P + k
(4.8)
Testing the validity of this rudimentary model revealed: (i) as P goes to 0, N2 = 0
as expected, (ii) as P goes to infinity, N2 = lim
P→+∞
PNtot
P + k
= lim
P→+∞
Ntot
1 + k
P
= Ntot.
Hypothetically, if we supply enough power, we can eventually excite all the Eu ions
in our excitation volume. When this model was implemented to fit a typical data set
(c.f. Figure 4.6), it was only able to characterize the emission at intermediate photon
rates and did not fit well at the lower inputs. With these results in mind, it became
necessary to carefully scrutinize the optical elements within our experimental setup.
4.2.1 Excitation Rate and Collection Efficiency
As mentioned in Section 4.1.1, as a Gaussian beam passes through optical elements
it retains its Gaussian profile unless it encounters a very small aperture, in which
case the distribution would no longer be Gaussian – this only happens if the aperture
is less than 3-4 times the beam waist.
In the previous rate equation, it was implicitly assumed that the power was uni-
formly distributed throughout the excitation volume. However, that is not explicitly
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the case since the excitation rate possesses a Gaussian profile due to the Gaussian
nature of the incoming laser beam – N2, Equation 4.8, is modified to incorporate
this additional feature.
d
V
∫ ∞
r,θ
N2rdrdθ =
d
V
∫ ∞
r,θ
NtotalP (r, θ)
P (r, θ) + k
rdrdθ (4.9)
where P (r, θ) represents the input laser light profile,
P (r, θ) = P1Pe
r2
2σ2 where α ∼ 2.358σ
∴ P (r, θ) = P1Pe
r2
2(α/2.358)2 → P1Pe−
r2
0.36α2
α is the FWHM of laser beam, σ represents the standard deviation, P signifies the
input laser power, and P1 is the normalization factor for the laser beam’s Gaussian
distribution. In Equation 4.8, it was also presumed that the Eu ions emitted as a
uniform plane but, due to the confocal properties of the microscope, the collection
area is also defined as a Gaussian function. In order to fully appreciate the capabil-
ities of a confocal setup, we need to include the collection efficiency, K(r, θ). The
solution for N2 evolves into:
N2 =
d
V
∫ ∞
r,θ=0
NtotalP (r, θ)
P (r, θ) + k
K(r, θ)rdrdθ (4.10)
where
K(r, θ) = K1e
− r2
0.36β2 , (4.11)
β is the FWHM of the collection area and K1 is the normalization factor for the
collection Gaussian profile. The form of K(r, θ) originates from considering the sam-
ple’s emission intensity distribution on the collection pinhole – this ends up being a
point spread function with the center of its first lobe having the approximate shape
of a Gaussian distribution. Hence, the collection profile can be approximated by a
normalized Gaussian function whose normalization factor is calculated by integrat-
ing the profile over all space.
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α and β can be calculated utilizing the same course developed in Section 4.1.1.
However, since the excitation beam, whose diameter is defined by the FiberPort
Collimator/Coupler, do not fully fill the back aperture of the objective, it is necessary
to compute the effective numerical aperture:
NAeff = NAob
rb
√
r2ob + f
2
ob
rob
√
r2b + f
2
ob
(4.12)
where rb defines the beam radius, rob represents the radius of the objective aperture,
and fob is the focal length of the objective.
With our parameters defined and our data converted from CCD counts to a
more appropriate form, number of Eu ions, Mathematica was used to normalize
all Gaussian functions and solve for N2 (Eq. 4.10). Initial validity checks were
employed: (i) as P goes to 0, N2 = 0 as expected, (ii) as P goes to infinity, N2 = Ntot,
indicating that if enough power is available all Eu ions should be excited.
With the solution to Eq. 4.10, a plot of the expected saturation behavior if all
Eu ions were accessible was completed and is shown in Figure 4.7a. Overlaying
it with actual experimental results (c.f. Figure 4.7b) revealed a clear difference
between the predicted behavior and the observed emission. Using this model, a
fit was derived but it suffered similar pitfalls as the rudimentary model mentioned
above. The model’s weakness at lower photon rates indicated that more than one
fit function was essential, suggesting that more than one species of a particular
center was engaging in luminescence. The fitting parameters were expanded to
include the individual totals of efficient and inefficient incorporation environments
contributing to the observed emission. In other words, the solution to Eq. 4.10, a
hypergeometric function, was used to fit for both types of centers. The following
solution arose, where instead of Ntotal as in Eq. 4.10, the parameters Nie and Ne
were substituted:
N2 = 1.29× 10−15NieP × 2F1(1, 2, 3,−2.59× 10−15P ) (4.13)
+ 1.29× 10−13NeP × 2F1(1, 2, 3,−2.59× 10−13P ) (4.14)
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(a) With the model in its final form, the above result depicts the predicted saturation
behavior if all Eu ions within our excitation volume were optically accessible. The ini-
tial slope can be exploited to decipher the excitation efficiency of the center. At higher
powers, the saturation plateaus and the maximum number of Eu ions are participating in
luminescence.
(b) Making a comparison between the perfect system seen above, it is immediately clear
that not all Eu ions are being excited. The line representing the theoretical emission from
all Eu ions is much higher than the experimental values symbolized by the purple dots.
Figure 4.7
where Eq. 4.13 represented the function for inefficient centers, their total num-
ber being Nie and Eq. 4.14 described the behavior of the efficient centers, their
concentration being Ne. N2 symbolized the maximum fraction of Eu ions excited.
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Both hyperbolic functions can be more readily appreciated as the following:
2F1
(
1, 2, 3,−2.59× 10−15P) = Σn≥0 (1)n(2)n
(3)n
(−2.59× 10−15P )n
n!
2F1
(
1, 2, 3,−2.59× 10−13P) = Σn≥0 (1)n(2)n
(3)n
(−2.59× 10−13P )n
n!
where :
(a)n =
Γ(a+ n)
Γ(a)
= a(a+ 1) · · · (a+ n− 1)
∴ (1)n := 2 · · ·n.
(2)n := 6 · · ·n+ 1.
(3)n := 12 · · ·n+ 2.
4.2.2 Error Analysis
Experimental error was considered to account for fluctuations in instrument sen-
sitivity and precision since this study was susceptible to the calibration process
outlined in Chapter 2. In order to account for the fluctuations in the emission peak
intensities, the “propagation of error” technique was employed, the general formula
being:
(∆f(x1, x2, k))
2 =
∑
(
∂f
∂xi
)2(∆xi)
2 (4.15)
where f represented the function of interest, x1 and x2 were variables and k
was a constant. ∆xi symbolized the approximate error due to fluctuations in that
variable. During the process of converting from ccd counts to power, the function
took on the general form: z(x,y)=XY, where X was the total integrated intensity
of the emission profile and Y was the power to count ratio derived from the laser
calibration procedure. Moreover, the two primary sources of experimental error
stemmed from the Eu ions emission profile fluctuations and those due to the laser
calibration as well. Implementing the general formula above, the error was reduced
down to:
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∆z
z
=
√
(
∆x
x
)2 + (
∆y
y
)2 (4.16)
where ∆x and ∆y were on the order of 50 ccd counts/pixel. Using the above
equation, the aforementioned error was propagated through the ccd counts to power
conversion process for each data point and the average error values are presented
in Table 4.1. Additionally, in order to consider the goodness of fit for the model,
Mathematica’s ‘DistributionFitTest’ function was employed and returned p-values
much higher than the significance level of 0.05, which translates to the model being
a good fit for the experimental data. Further, this fit parameter, the p-value, speaks
to the accuracy of the function used to fit the data.
The model was employed to fit a typical set of experimental data and was suc-
cessful at all regions of input photon rate. Figure 4.8a reveals that, with the in-
corporation of two types of centers with differing excitation efficiencies, the model
fits the experimental data well. For demonstrative purposes, plotting the forms of
Eqs. 4.13 and 4.14 separately for the data set used in Figure 4.8a, disclosed that the
efficient centers did, in fact, have a higher excitation efficiency than the normal or
inefficient centers (c.f. Figure 4.8b). Comparing the initial, simple model to the fi-
nal, refined model (Eq. 4.8 and Eqs. 4.13 and 4.14, respectively), disclosed that the
latter was more adept at predicting the Eu ion saturation behavior. While the first
model considered a rudimentary Eu ion emission dependence on input photon rate,
the final model took into account the beam parameters, confocal microscopy, and
two types of centers participating in luminescence. Due to this versatile model, we
were able to evaluate the saturation behavior of Eu ions, and furthermore, predict
the maximum concentration of Eu ions that were accessible via optical pumping.
4.3 Saturation Behavior
We utilized the above methodology to analyze a variety of samples at both room
and low temperatures. Since room temperature observations are integral to practical
applications, this work focuses on those. As a side note, GaN:Eu co-doped with Mg,
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(a) With the black line representing the model and the dots symbolizing the experimental
data, it is clear that by incorporating two types of centers, efficient and inefficient varieties,
the model fits well with the observations at all powers.
(b) The line fitted in the top plot can be further broken down into addressing the effi-
cient and inefficient (normal) sites individually. The green line represented the saturation
behavior for the inefficient centers and has more curvature as it approaches saturation.
Efficient centers are symbolized by the red line which has a steep slope at lower powers,
indicating an enhanced excitation efficiency. Its exceedingly flat plateau speaks to not
only the ease of excitation for these superior centers, but also their limited populace.
Figure 4.8
a dopant crucial for p-type GaN, was investigated but as a result of the instability
of the defect complexes due to the influence of hydrogen, we could not reliably
determine its saturation behavior.
We progressed to evaluate GaN:Eu co-doped with Silicon (GaN:Eu, Si), Si being
a donor and a dopant used to improve the n-type nature of GaN. When Si and
Mg are co-doped into GaN:Eu, they constitute donor-acceptor pairs and induce an
increase in excitation efficiency for the Eu ions [89]. However, as mentioned in Chap-
ter 3, when Si alone is co-doped into GaN:Eu, the influence of the co-doping on
84
Figure 4.9. The top plot reveals the saturation behavior for Eu1, and the bottom
discloses the results for Eu2. Both are given for the Si co-doped sample. In each
graph, the black line represents the predictions of the saturation model and the
purple dots signify the experimental data.
the overall luminescence properties is still debatable. For the GaN:Eu,Si sample
studied in this project, Figure 4.9 portrays the saturation behavior for its Eu1 and
Eu2 population. The actual saturation behavior for Eu1, specifically, exemplifies
an almost perfect saturation curve which is derived from the relatively low concen-
tration of Eu1 centers in this particular sample. Ultimately, Si was not especially
useful in this unique GaN:Eu,Si case and this can stem from a variety of factors,
primarily growth conditions. Further, when Si was co-doped into the material, it
inhibited the formation of the aforementioned complex. Thus, since there are less
of these incorporation environments present, almost all of them are excited with
our ranges of power. With respect to Eu2, there is a slower progression towards
saturation levels, indicating that more power is necessary to experimentally access
higher concentrations. While the more efficient centers are already excited at lower
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GaN:Eu,Si
Center Name Ne (%) Nie (%) Total (%) Average Error (%)
Eu1 10.3 13.5 23.7 2.04
Eu2 2.74 6.09 8.83 4.63
Total participating in luminescence : 32.5±6.67%
GaN:Eu
Eu1 16 17 33.2 1.81
Eu2 6 16 22.6 3.1
Total participating in luminescence: 55.8±4.91%
Table 4.1. This table presents the results, for samples GaN:Eu and GaN:Eu,Si,
pertaining to the maximum concentration of Eu ions contributing emission. Ne
and Nie are the percentages of the total ion population, 1.81×107. Further, these
percentages are relative to all Eu ions within the excitation volume. The ‘Total’
column represents the complete participation of the specific emission species and
‘Average Error’ relates to the propagation of experimental error.
powers, higher input photon rates are necessary to access more of the inefficient
incorporation environments.
Our model was applied to GaN:Eu,Si data and produced a fit for the saturation
phenomena. We concluded that, out of the entire Eu ion populace, only 32.5±6.67%
were optically accessible, with 23.7±2.04% and 8.83±4.63% originating from Eu1
and Eu2, respectively. Each total species contribution can be broken down further
into its efficient and inefficient participants, as seen in Table 4.1. For Eu1, the
concentration for both center types is comparable. However for Eu2, there is more
of the inefficient complexes. In terms of the Eu species themselves, assuming 80%
of the entire Eu defect population are Eu1 and 15% are Eu2, about 30% of the
Eu1 complexes and approximately 59% of the Eu2 incorporation environments are
contributing to luminescence.
Moving forward, we investigated one of our best samples, GaN:Eu grown with an
optimized V/III ratio, to analyze the influence of better growth parameters. With
GaN:Eu, the ratio between Eu2 and Eu1 is higher and there are more efficient Eu2
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Figure 4.10. Similarly to Figure 4.9, the top figure shows results for Eu1 and the
bottom plot reveals Eu2’s saturation behavior. Both plots are given for GaN:Eu
grown with an optimized V/III ratio. The model predictions are seen in the black
lines and the experimental data is is represented by the purple dots.
incorporation environments. Furthermore, the overall intensity is higher than that
of a lower V/III sample. Notwithstanding, we discover a similar result, reflected
in Figure 4.10, as in the GaN:Eu,Si analysis; while a higher percentage overall
is actively participating in luminescence, only about 56% of the Eu1 species are
optically accessible and all of the Eu2 population is emitting. This is a particularly
constructive result as it confirms that a higher V/III ratio is conducive to Eu2
emission. Comparatively, in GaN:Eu,Si, the inefficient Eu2 complexes were more
than the efficient ones, but in GaN:Eu, that difference is significantly larger. While
all of the Eu2 populace seem to be emitting, the majority are in the form of inefficient
centers. Ultimately, combining the contribution from the two species, Eu1 producing
33.2±1.81% and Eu2 generating 22.6±3.1% of the overall luminescence, we are
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accessing a maximum of 55.8±4.91% of the entire Eu ion population through optical
pumping.
4.4 Conclusions
We have successfully modeled the saturation behavior and determined the optical
accessibility of Eu species within GaN, subsequently confirming the results seen by
Woodward et. al [102], in that not all Eu ions are excited by electron-hole pair re-
combination. As mentioned in Chapter 1, there are two types of centers — efficient
and inefficient — and considering both was necessary to appreciate the full lumi-
nescence potential of the Eu ions. By analyzing different samples, we were able
to quantitively deduce the growth conditions that were favorable for the formation
of efficient Eu incorporation centers and provide an assessment of the influence of
these growth parameters and dopants. Moreover, we determined that only 59% of
Eu2 ions are emitting in GaN:Eu,Si and the full, albeit minor, Eu2 population is
producing luminescence in GaN:Eu. This indicates that while Si substantially de-
grades the efficient incorporation of Eu2 defect complexes, in an optimized sample
there is still a shortage of optically active Eu2 centers.
We estimate that, at best, only about 55.8±4.91% of the total Eu defect popu-
lation are contributing to luminescence – the salient point being that we have quan-
tified a bottle neck for nitride-based red LED efficiency. All things considered, the
lack of optically accessible Eu environments can be derived from the sample growth
specifications and the inability to methodically develop favorable Eu incorporation
environments such as the efficient complex types mentioned earlier. In order for
lighting technologies to employ GaN:Eu, improving material growth parameters is
crucial, insofar that Eu2 – the center with the highest excitation efficiency – experi-
ences a vast increase in incorporation and the overall efficiency of Eu1 is enhanced
as well.
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Chapter 5
The Role of Charged Defects on
the Structural and Luminescence
Properties of Eu ions in GaN
Earlier in this work, the sample survey introduced the defect structures Eu2 and
Eu2* and temperature dependent spectroscopic relations between the sites. Under
resonant conditions, these complexes are not significant contributors to photolumi-
nescence due to their low concentrations. However, at increased temperatures, Eu2*
exhibited counterintuitive temperature dependent behavior. CEES maps taken at
T=140K (Figures 3.2b and 3.5b) revealed that while Eu2’s intensity decreased, as
expected due to thermal quenching, Eu2*’s luminescence increased, indicating in-
creased favorability for the development of that center.
When these complexes experience indirect excitation, both centers are shown to
efficiently emit [57]; their characteristic emission profiles are shown in Figure 5.1 for
further reference. As detailed in Chapter 1, during excitation with above band-gap
light, the excitation process can be inhibited by the strong shielding of the 4f shells
or, in the situation where excitations are occurring between transition levels deep
within the gap, the latter producing energy outside of the absorption band for the
Eu ions. Hence, the ions are not excited. Further, the electrons in the conduction
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Figure 5.1. The above figure reveals emission spectra for the Eu2 and Eu2*
(OMVPE 8) incorporation environments under below band-gap (at 532nm) and
above band-gap (at 325nm) excitations, their power being approximately 30mW
and 27µW, respectively. While both sites are excited under these conditions, the
peaks associated with each are identified as well. Notably, the peaks for Eu2* are
identical under each excitation condition.
band of the GaN host can recombine with holes in the valence band without exciting
the Eu ions [54]. When the electron-hole pairs do recombine, in the vicinity of the
Eu ions, there is transfer of energy from the host to emitters of interest. In below
band gap excitation, where traps are excited and there is energy transmitted to the
Eu ions, Eu2 is non-resonantly excited, similar to what has been described above
for above band-gap excitation. This occurs due to the higher probability of ionizing
and manipulating deep traps (unrelated to Eu2) which have captured carriers. The
freed carriers created in this process can recombine and transfer their energy to the
center which is most favorable; in many cases, this is Eu2 [8].
In this work, we aim to clarify the origin and structural properties of Eu2* and its
relation to Eu2. Initial observations, mentioned at the start of this chapter, suggest
that Eu2 and Eu2* are related through the presence of a charge. In essence, we
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(a) (b)
Figure 5.2. The structure to the left reveals a typical Eu2 complex with a Eu ion
sitting on gallium site and a gallium vacancy accompanying it. The stripe defects,
speculated to be VN , are sprinkled through the material and are not localized to
Eu2. To the right, there is the Eu2* incorporation environment, which is similar to
that of Eu2 with the addition of an electron whose charge is uniformly distributed
through the complex (shown as the yellow rimmed transparent circle). (Edited for
this work, original image reproduced by Donghwa Lee)
propose that Eu2 has the capacity to reconfigure into Eu2* and that Eu2* itself is
a defect containing a EuGa, VGa, and a charge distributed throughout the complex;
the hypothesized structure is shown in Figure 5.2. As mentioned in Chapter 1, VGa
has a deep acceptor level that is efficient at trapping electrons, hence this may be
the mechanism that draws the electron to the Eu2 center. Throughout this work,
spectroscopic evidence will be presented and subsequent discussions will be used to
test this model and bring it to fruition.
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5.1 The Influence of Gallium and Nitrogen Va-
cancies on Eu ions in GaN:Eu
Chapter 1 introduced VGa as a triple acceptor
[61,66,100,107] instrumental in the devel-
opment of Eu defect complexes that have higher excitation efficiencies. In general,
defect complex evolution is driven by electrostatic forces in that negatively charged
acceptors are drawn to positively charged donors and gain energy by forming a com-
plex with one another. Hence, VGa in combination with a traditional Eu1 complex,
EuGa and VN donor, forms a variant of Eu1 that is more efficient. In addition, as
mentioned in earlier chapters, Eu2 comprises a VGa, in its normal form; it has been
suggested that this center can also pair with an O donor to evolve into its more
efficient variant [61].
VN, specifically, act as shallow donors with an activation energy, or the energy
required to lose two electrons, of 0.59eV which allows a transition from the 1+ to 3+
charge state, a stable configuration for the defect [100]. The donor’s presence in Eu1
plays an integral part in the excitation of the incorporation environment just below
the band-gap — an excitation that was instrumental in determining the saturation
behavior of Eu1, explored in Chapter 4. When GaN is excited just below the band-
gap at 364nm, there is insufficient energy provided for the electron to escape its
bound state (in the valance band) and enter its free state in the continuum, the
energy required for the process being 3.44eV or more – the energy of the band-
gap in GaN. Therefore, it enters an assistant level, a VN donor level (indicated in
Figure 5.3). With the entry of an electron into the vacancy, in order to regain
stability the donor will eject the electron back down to a lower electronic level,
simultaneously emitting light which a near by Eu ion can absorb and subsequently
emit luminescence.
The exact nature of VGa’s influence on Eu incorporation environments lays within
its activation energy, or the energy required to “ionize” or excite the impurity; in
our case that involves the vacancy capturing an electron. A VGa is actually a deep
acceptor with a large binding energy — the energy required to transition from
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Figure 5.3. Thermodynamic transition levels for defects in GaN [100]. The purple
oval highlights the VGa acceptor and the red one indicates the VN donor. The
electronic band structure of VGa shows levels within about 1 eV of the valence-
band maximum [100]. Generally, donor levels are closer to the conduction band,
while acceptor levels are close to the valence band. In the case of VN, while the
transition states are 0.59eV above the valence-band minimum, it does act as a
shallow donor due to its electronic structure which shows degenerate p-like t2 states
near the conduction-band minimum; more details on this theory are revealed by Van
de Walle, et. al. [100].
the 2− to 3− state — of 1.1eV [61,66] which is several times more than the atomic
vibrational thermal energy (78meV) away from the valence band edge (illustrated
in Figure 5.3) [100]. This is expected since, generally, the wider the band gap is, the
deeper the acceptor activation energy becomes. Thus, the acceptor is unlikely to
be ionized by thermal means. Notably, it acts as an effective recombination center
in which electrons and holes can be trapped, after which recombination energy is
transferred to the Eu ion. This particular negatively charged acceptor defect is
fundamental in the reconfiguration model that is introduced later in this work as it
is the mechanism that attracts electrons to the Eu2 complex.
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Resonant Above Below Type of Information Obtained
Band-Gap Band-Gap
O X X Number of sites
X O X Excitation efficiency via e-h pairs
X X O Influence of excitation via traps
O O X Number of excitable centers
O X O Role of defects/traps on excitation efficiency
X O O Influence on trap formations
O O O Reference spectrum
Table 5.1. Summary of the sequence of excitations and their relevance. X means
Off, O means On. The texts in bold signify the excitations exploited to examine the
relationship between Eu2 and Eu2*. Resonant, above band-gap, below band-gap,
and simultaneous below and above band-gap excitations were implemented.
5.2 Multiple Excitation Emission Spectroscopy (MEES)
In order to more efficiently evaluate defects, a novel methodology was developed.
Previously, measurements with above band gap or below band gap or resonant
excitation, were individually implemented. We instead performed a series of mea-
surements incorporating all relevant excitations simultaneously. This required the
creation of a confocal microscope that combined the required laser sources which
would provide above/below band gap and resonant excitation. The design of the
microscope, shown in the Experimental Basics chapter, built on an already existing
confocal microscope, that provided resonant excitation. An input coupler for above
band gap excitation was added to an expanded cage system, with the resonant cou-
pler supporting dual use in the resonant and below band-gap excitation regimes.
The subsequent emission from the samples was transmitted through the cage sys-
tem and into the spectrometer for further analysis. With this new microscope, a
more systematic analysis of defects was accomplished. Possible combinations and
their importance are shown in Table 5.1. The UV and below band-gap excitations,
specifically, allowed us to explore the interaction between Eu2 and Eu2*.
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Figure 5.4. The above plot details the intensity of Eu2 and Eu2* (OMVPE 8),
under above band-gap (at 325nm) excitation, as a function of temperature. As
temperature increases, Eu2 experiences a decrease while Eu2* undergoes an increase.
With more carriers available at higher temperatures, the environment is conducive
to Eu2* formation.
5.3 Indirect Excitation-Temperature Dependent
Experiments
5.3.1 Above band-gap excitation
Since the pertinent sites emit efficiently under above band-gap excitation, this exci-
tation regime was exploited to further scrutinize Eu2 and Eu2*’s intertwined behav-
iors. Additionally, studies were completed on sample 262, since this material also
exhibited the stripe feature.
Under excitation at 325nm, emission was collected from T=10K to 140K in
20K increments (c.f. Figure 5.4). The intensity of Eu2’s emission was observed
to decrease, as expected due to thermal quenching. Eu2*, however, underwent an
increase in intensity that peaked around 140K and decreased thereafter. Examining
the Eu2 to Eu2* ratios, given in Table 5.2, enabled a more quantitative analysis
of the centers’ behavior. At T=10K, Eu2’s intensity was approximately 32 times
that of Eu2*, but as the temperature increased, there was a significant drop until
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(a) (b)
Figure 5.5. Figures (a) and (b) disclose the intensity versus input above band-
gap (at 351nm) power. In Figure (a), measurements were collected at T=10K
at low powers; as the power was increased, Eu2 and Eu2*’s (OMVPE 8’s) peaks
increased at dissimilar slopes. This type of power dependent spectra is also shown
in Figure (b), where experiments were completed at room temperature, T=295K.
Eu2*’s emission intensity plateaus while Eu2’s continues to increase slightly.
the intensity between the sites were comparable. This was inherently due to Eu2
decreasing while Eu2* experienced a simultaneous increase.
T (K) “Eu2:Eu2*”
10 32
60 11
100 3.1
130 1.9
140 1.7
Table 5.2. This table is a companion to Figure 5.4. It reveals the ratio of Eu2’s
intensity to that of Eu2*’s (OMVPE 8’s). As hinted at in Figure 5.4, the ratio be-
tween the two centers of interest experience a significant decrease as the temperature
increases.
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IP (%) “Eu2:Eu2*”
0.29 1.83
2.2 3.15
4.4 4.02
7.3 4.1
17.3 4.15
32.7 4.19
55.3 4.19
100 5.3
Table 5.3. (IP: Input Power, where the percentage indicates the fraction of
the total power traversing the filter wheel and exciting the sample) Figure 5.5a’s
companion table, given above, discloses a comparison of the intensities of Eu2 and
Eu2* as a function of input power. This measurement was completed at T=10K and
at low power ∼5mW. In addition, the spectra to the right highlight the variations in
intensity between Eu2 and Eu2* (OMVPE 8), with the emission profiles scaled for
constant Eu2. The spectra themselves provided a visual confirmation that as power
increased, the ratio between the two sites also changed. Additionally, at 100% IP,
the ratio between Eu2 and Eu2* under 351nm excitation is 6 times lower than the
value derived under 325nm excitation.
5.3.2 Power-dependence
Initially, power-dependent above band-gap excitation at 351nm was implemented to
explore the saturation behavior of Eu2 incorporation environments. With this data,
the saturation behavior for Eu2* could be explored as well since it is also observed to
emit under this excitation regime (c.f. Figure 5.5). Measurements were performed
on sample 262, for reasons mentioned previously, at T=295K (room temperature)
and T=10K, with the latter completed at lower powers in order to examine their
relative excitation efficiencies. Using spectra collected at both temperatures, the
ratio between the intensities Eu2 and Eu2* was assessed to determine if this quantity
changed with respect to power. At T=10K, there is an apparent difference in slope as
the power is increased (c.f. Figure 5.5a), demonstrating that, not only are the defect
complexes different from one another, one center, Eu2, has the capacity to saturate
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faster than the other, Eu2*, at low temperatures. This key difference can be more
readily observed through a quantitative comparison of the intensities of the sites,
results given in Table 5.3. As the power is increased, Eu2 responds more efficiently
than Eu2*, as evidenced by the former’s ability to produce more emission than the
latter even though both complexes are experiencing similar excitation conditions.
At room temperature (c.f. Figure 5.5b), the ratio remained relatively stable
at an average of 8.6, indicating that Eu2 and Eu2* are participating in an active
connection where both experience saturation due to the limited number of centers.
Even though Eu2* is saturating and Eu2 approaches saturation, there is no further
conversion of Eu2 into Eu2* as the power is increased. While high carrier densities
are conducive to Eu2* generation, it can also be detrimental. Moreover, as Eu2 is
converted into Eu2* incorporation environments, additional carriers can interfere
with the complex and cause a loss of an electron, reversing the conversion process.
On the other hand, the constant Eu2 to Eu2* ratio can be a result of the cen-
ters’ capacity to reconfigure more efficiently by thermal mechanisms such that the
optically driven processes do not play a role. Either way, there is constant recon-
struction of the defect environment between the Eu2 and Eu2* configurations at
higher excitation powers and temperatures.
5.3.3 Below band-gap excitation
A 532nm laser source was used to implement below band gap excitation. Since the
focus of indirect excitation up until this point was emission from above band-gap
excitation, an initial comparison between the former, at lower power, and emission
from below band-gap excitation was made. Figure 5.6 highlights the spectra from
sample 262 for each excitation regime. These excitation conditions are conducive to
Eu2*’s development since the defect complex’s evolution is derived from a carrier-
driven process. While the profile shapes are similar, Eu2* is observed to be more
receptive to below band-gap excitation. Under this excitation, the predominant
stimulus is the excitation of Eu complexes via traps, unrelated to the Eu incor-
poration environments, who capture electron-hole pairs and transfer the collected
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recombination energy to Eu defects. Thus, if a trap is ionized after securing an
electron, but before catching a hole, the electron is re-captured by the incorpora-
tion environment with the highest excitation efficiency: Eu2. In Figure 5.6, the
spectra corresponding to the previously mentioned excitation region was doubled to
emphasize the above observation.
IP (%) “Eu2:Eu2*”
0.16 8.6
0.29 9.4
2.2 8.5
4.4 8.7
7.3 8.6
17.3 8.4
32.7 8.4
55.3 8.6
100 8.6
Table 5.4. (IP: Input Power) This companion table to Figure 5.5b demon-
strates that as the input power is increased, the ratio of Eu2 to Eu2*
(OMVPE 8) becomes constant around an average of 8.6 at higher powers.
The intensities for Eu2 and Eu2* were monitored as a function of tempera-
ture. Figure 5.7a reveals spectra taken at T=10K and T=140K, their aim being
to demonstrate the profile changes at differing temperatures. As temperature in-
creased in increments of 10K from 10K to 240K, the ratio of intensities between
Eu2 and Eu2* decreased until it plateaued around T=170K (results shown in Ta-
ble 5.5). As expected, this change in ratio was due to the decrease in intensity of
Eu2 and increase in the peak for Eu2*. This observation suggested that at higher
temperatures, while Eu2 experiences thermal quenching, Eu2* is formed thermally
in higher numbers and hence their emission experiences an increase.
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Figure 5.6. The spectra above reveals emission under above and below-band gap
excitations, with the above band-gap excitation at low power. The below band-gap
emission was doubled to highlight Eu2*’s sensitivity to this excitation regime.
5.4 The Dynamical Relationship between Eu2*
and Eu2
MEES experiments were completed on sample 262 to explore and appreciate the
system’s behavior under simultaneous excitations. This spectroscopic technique al-
lowed for the analysis of dynamic relationships between incorporation environments.
While several combinations of excitations were explored (c.f. Table 5.1) at various
temperatures, the interplay between Eu2* and Eu2 was especially highlighted under
concurrent above band-gap and below band-gap stimulation.
For completeness, various samples were examined in order to decipher the influ-
ence of growth parameters. While most samples exhibited marginal to no change in
luminescence, 262, which was grown with a lower V/III ratio, displayed a modifi-
cation in the emission for Eu2 and Eu2* (c.f. Figure 5.8). There was a substantial
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Figure 5.7. h l
(a) The figure reveals spectra taken at
T=10K and T=140K under below band-
gap excitation, illustrating the change in
efficiency for Eu2 and Eu2* (OMVPE 8).
At lower temperatures, Eu2’s intensity is
several times that of Eu2*. At higher tem-
peratures, both are in fact comparable.
(b) T=240K is the maximum temperature
at which the Eu2 and Eu2* peaks are dis-
tinguishable. Due to thermal quenching,
at higher temperatures, mostly noise is de-
tected.
decrease (increase) in Eu2 (Eu2*) centers compared to their emission under above
band-gap light only, suggesting that the simultaneous excitation scheme was able to
induce Eu2’s reconfiguration into Eu2*. One key element involved in the preceding
exchange within this sample is the stripe defect. While Eu2 has its own inherent
probability of capturing charges and the ability to secure an electron without being
driven to do so, as evidenced by reconfigurations into Eu2* under single excitations,
the stripe simply facilitates that process. Moreover, Eu2’s heightened ability to
capture energy from the stripe trap indicates that it possesses a higher likelihood
of catching charges stored in the stripe as well. MEES experiments emphasize this
process by ionizing traps that have captured electrons. Further, while above-band
gap excitation stimulates carriers which can be captured by the stripe defect, below
band-gap ionizes traps before electron-hole pair recombination can occur. Instead
of receiving recombination energy, Eu2 captures the electron previously secured by
the stripe traps.
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Temperature (K) “Eu2:Eu2*” “Eu2:Eu2*”
Under BBG Under ABG
10 6.5 32
20 5.9
30 5.3
40 4.3
50 3.3
60 2.0 11
70 2.4
80 2.0
90 1.7
100 1.6 3.1
110 1.4
120 1.3
130 1.3 1.9
140 1.3 1.7
150 1.1
160 1.2
170-240 ∼ 1.1
Table 5.5. (BBG: Below band-gap; ABG: Above band-gap) As with the above
band-gap (at 325nm) measurements, shown for reference, this table is the companion
to Figure 5.7a. Under below band-gap excitation, the ratio of Eu2’s intensity to that
of Eu2* decreases with increasing temperature, stabilizing around a ratio of 1.1
above T=170K. Eu2* appears to be more favorably excited under below band-gap
excitation.
Temperature Dependence
The interplay between the sites of interest was scrutinized further under various
temperatures (c.f Figure 5.9). Previously, Section 5.3 revealed that under above
band-gap excitation, Eu2 (Eu2*) decreased (increased) with increasing tempera-
ture. Implementing the MEES technique, when the sites experienced concurrent
above and below band-gap excitations, an additional feature was noted – a further
decrease (increase) in the luminescence of Eu2 (Eu2*). While there was the slight
probability that the dual-excitation-induced dynamics were purely temperature in-
fluences we were able to rule that out with conditions delineated in Chapter 2. With
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Figure 5.8. Dual excitation exploiting above (at 32nm) and below band-gap ex-
citations was performed at T=10K on several samples with a variety of growth
parameters. The red box highlights the sample that revealed a change in dynamics
between Eu2 and Eu2*. Further, there was a decrease in Eu2 intensity and an in-
crease in Eu2* emission, suggesting a reconfiguration of Eu2 complexes into Eu2*
incorporation environments.
laser beam heating eliminated as an influence on the dynamics between Eu2* and
Eu2, the observed interchange was monitored with increasing temperature. As the
temperature varied and the above mentioned excitations were implemented, Eu2
(Eu2*) experienced an even further decrease (increase) in intensity until T=140K
where both experienced decreases in emission. In other words, while there was a(an)
decrease (increase) in Eu2 (Eu2*)’s intensity as temperature is increased, the appli-
cation of above and below band-gap light emphasized these changes. At T=140K,
a non-radiative channel is activated and Eu2* no longer increases in intensity. Like-
wise, both centers emit less due to thermal quenching.
Power Dependence
Influence of below band-gap excitation power was studied since the center recon-
figuration dynamics driven under concurrent excitations hinged on a relationship
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(a) (b)
Figure 5.9. Spectra were taken under UV (at 325nm) excitation (blue line,
P=27µW) and concurrent UV and below band-gap excitation (red line, below band-
gap P=46mW) at various temperatures. Figure (a) reveals that not only is there
a decrease in intensity for Eu2 as temperature is increased, under simultaneous ex-
citation, Eu2’s intensity is further weakened. Figure (b) shows that Eu2* exhibits
an opposing behavior, in that it increases with temperature and there is an addi-
tional increase under simultaneous excitation. The bottom figure is given to directly
illustrate the change observed in the emission spectra.
with the stripe defect that facilitated the capture of an electron. During these
measurements, data was taken in pairs; for each below band-gap excitation power, a
spectrum was taken with only UV light on (provided by a laser beam at 325nm)and,
subsequently, emission was collected under simultaneous UV and below band-gap
excitation. For data pairs taken at below band-gap excitation powers of 10mW and
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Figure 5.10. The above plot shows emission, taken at T=10K, for: (purple cir-
cle) Eu2 under above band-gap (at 325nm) excitation only, (red square) difference
between Eu2* emission under UV excitation and concurrent below band-gap (at
532nm) and UV excitations, and (blue diamonds) difference in Eu2 intensity under
UV excitation and simultaneous below band-gap and UV excitations. While the
UV light fluctuated slightly, seen in the black box, it remained relatively constant.
The grey region highlighted the center reconfigurations as a function of increasing
below band-gap and above band-gap light until the latter stabilized. In the green
region, there is the increase in Eu2 and Eu2*’s structural changes as a function of
increasing below band-gap excitation.
20mW, there was a jump in UV excitation, seen in the yellow dashed box in Figure
5.10. Even though there is an increase in Eu2 under UV excitation, when the 532nm
light (used for below bad-gap excitation) is turned on, it suffers an overall decrease.
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The grey shaded region highlights the competition between the two centers of in-
terest, Eu2 and Eu2*, with a possible back and forth dynamic appearing at lower
powers due to the strong influence of the below band-gap light.
The UV excitation was held constant for series completed with below band-gap
excitation powers of 20-50mW. In the green shaded region, the emission is given as
a function of below band-gap excitation power to illustrate the increase in center
reconfiguration that occurs as the aforementioned power is elevated. Increasing the
excitation at 532nm ionized more traps within the material. While above band-
gap excitation furnished an abundance of carriers, stripe traps capturing electrons
would be ionized by the 532nm light. The electrons freed from these traps would be
captured by Eu2, reconfiguring it into Eu2*. As the power at 532nm was increased,
the production of Eu2* centers and destruction of Eu2 structures increased corre-
spondingly (c.f. Figure 5.10). The change in intensities suggests that ionizing the
stripe trap does indeed release electrons to be captured by Eu2, causing this center
to reconfigure into Eu2*.
5.5 Conclusions and Structure of Eu2*
The exchange between Eu2 and Eu2* has been thoroughly studied over a range of
temperatures and samples using traditional confocal microscopy in various excita-
tion regimes , combined excitation emission spectroscopy, and a novel spectroscopic
multiple excitation technique. As mentioned earlier, emission profiles are unique
to the incorporation environment; therefore, we can identify Eu2, the site with the
highest excitation efficiency, and more importantly, Eu2* sites at various excitation
energies based on its emission energy.
Initial analysis of the pertinent centers were completed under resonant excita-
tion in Chapter 3. A comparison between CEES maps taken of samples at T=10K
and T=140K revealed that, at higher temperatures, Eu2* emitted with increased
intensity and at additional excitation energies, exhibiting an increase in excitation
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efficiency. Moreover, Eu2* was observed to emit at Eu2 excitation energies, imply-
ing that exciting Eu2 leads to the emission of Eu2*. With this in mind, the available
carrier density was also considered in that at higher temperatures, the aforemen-
tioned density increases as well. As a result, Eu2, being the most efficient complex
and containing a VGa, a highly effective recombination center adept at attracting
electrons, is more likely to capture a charge and reconfigure into Eu2*. While the
likelihood for Eu2* creation is elevated in these temperature regimes, so is its ability
to be excited and lose an electron, reverting back to a Eu2. This behavior suggests a
back and forth dynamic between the two sites, the salient point being the constant
reconfiguration between Eu2 and Eu2* due to the increased free carrier density.
Another key feature that supplements the relation between Eu2* and Eu2 is
the stripe defect, which is hypothesized to be positively charged (c.f. Chapter 3).
The defect appears to be a delocalized trap that mediates the energy and charge
transfer between Eu2 and it’s descendant, Eu2*. In samples with the δ structures or
a lower V/III ratio, like sample 262, a stripe feature is observed at Eu2 at T=10K
and at both Eu2 and Eu2* at T=140K. Since the center with the highest excitation
efficiency usually captures energy from the stripe, the presence of this feature at
Eu2* at T=140K indicates that at these higher temperatures, this center is one of
the more efficient environments, like Eu2.
Considering the above mentioned results derived from resonant excitation ex-
periments, indirect excitation studies were performed to explore the temperature
dependence of Eu2* and Eu2 relative excitation efficiencies since both incorpora-
tion environments emitted efficiently under these excitation conditions. Further,
the behavior produced by above band-gap excitation, specifically, suggested the oc-
currence of center reconfigurations specifically linked between Eu2 and Eu2*. As
temperatures increased, Eu2* emitted higher intensities while Eu2’s emission suf-
fered decreases, indicating the increased likelihood of Eu2* formation. In other
words, the spectra gave evidence to the fact that as the temperature increased,
so did the likelihood of Eu2 converting into Eu2*. Above T=140K, there is no
further increase in Eu2* due to the activation of a non-radiative trap at elevated
temperatures. Still, the observed relation between these two sites and increasing
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Sample “Eu2:Eu2*”
262 32
264 22
D2 8.5
Bulk 11
Table 5.6. This table reveals the Eu2 to Eu2* ratio as it varies with samples
under above band-gap (at 325nm) excitation. The sample details, such as structural
properties and growth techniques, are revealed in Chapter 3
temperatures supported a carrier-driven center modification process. Before the ac-
tivation energy is acquired to trigger the non-radiative trap, the increased carrier
density at higher temperatures enabled the formation of Eu2*. Moreover, since
Eu2 has an inherent probability of capturing an electron, when more carriers are
available, this increases the conversion rate between Eu2 and Eu2*, which can be
approximated as a Eu2 defect complex with an additional electron.
Equally important is the emission under below band-gap excitation. In this
excitation regime, traps, which are usually disconnected from either sites, transfer
energy to the site with the higher excitation efficiency. In other words, the site with
the higher probability of capturing available energy will be excited. Since carriers
are present as well, below band-gap light can ionize traps that have secured an elec-
tron and not yet a hole for electron-hole pair recombination. This freed electron
is captured by the site most efficient at being excited: Eu2. With the increase in
temperature, more charges become available for excitation and the charges appear
to be more efficiently transmitted to Eu2*. Thus, an increase in Eu2* reconfigura-
tions is witnessed at elevated temperatures. In essence, this characteristic is seen
in independent experiments under below bad-gap and above band-gap excitation,
suggesting that traps and carriers are key components in the exchange between Eu2
and Eu2*. While the stripe is a highly relevant trap, the negatively charged VGa
defect is the underlying component that attracts electrons to the Eu2 complex.
Notably, under the different excitation regimes and samples, the ratio between
Eu2 and Eu2* embodied a range of values (c.f. Table 5.6), indicating that their
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respective incorporation environments were sensitive to growth and energy supplied
during excitation. Particularly, in sample 262, where both above band-gap excita-
tion wavelengths, 325nm and 351nm, were implemented, there was a particularly
large gap between ratios taken at excitations under 325nm and 351nm light. At
T=10K, and at full excitation power, the ratio of Eu2 to Eu2* was 32 and 5.3,
under 325nm and 351nm excitation respectively. During above band-gap excitation
at 325nm, more kinetic energy is available, hence, more Eu2 is optically accessi-
ble. Eu2*, a complex developed under carrier-driven processes, does not experience
a similar increase under the aforementioned excitation conditions. Comparatively,
the Eu2:Eu2* ratio is the highest in sample 262, suggesting that the stripe facilitates
the energy transfer from the host material to the defect with the highest excitation
efficiency, which in our case is Eu2.
In other areas of this comprehensive study, power dependent measurements were
completed at low temperatures where the various incorporation environments could
be distinguished. As expected, Eu2 displayed a higher excitation efficiency than
Eu2*. MEES experiments were pursued to observe the dynamical relation between
these sites – their results revealed that a reconfiguration process can be instigated
by ionizing stripe traps after they have secured an electron. The site with the
highest excitation efficiency, in this case Eu2, a EuGa with a VGa near by, has a high
probability of capturing the electron and changing into Eu2*. Further, this feature
was noted until T=140K, at which point both centers experienced a decrease in
intensity due to the activation of a non-radiative channel around this temperature.
While the structure of Eu2 is confirmed, our studies gave insight on the struc-
tural properties of the incorporation environment for Eu2*. The complex structures
for Eu2 and Eu2* were displayed earlier in Figure 5.2. At the start of this chapter, it
was suggested that Eu2* was a high symmetry environment with a weak perturba-
tion. These optical studies confirm that the perturbation in question is an electron.
Furthermore, Eu2* can be induced under conditions where there is an abundance of
carriers, hence at higher temperatures. Additionally, its creation, facilitated by the
VGa, can be driven by ionizing traps whose remainder electron is secured by Eu2,
causing it to reconfigure into Eu2*.
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Chapter 6
The Role of Hydrogen in
GaN:Eu/GaN
This project was responsible for exploring the influence of H on GaN:Eu/GaN, also
referred to as the bulk sample. Several experiments were conducted, with initial data
suggesting that H had an impact on the excitation efficiency of the Eu ions. However,
a Mg-contaminant layer was later discovered. Further semiconductor processes such
as chemical etching and SEM milling were used to delayer the topmost part of the
sample and optical studies were performed with the conclusion that the evidence
clearly demonstrated that H does not play a role in GaN:Eu/GaN. This chapter is
structured such that preliminary results and discussions are shown first, and the
clarifying data and structural properties of the material are given after.
6.1 Influence of Hydrogen
6.1.1 Incorporation of Hydrogen in GaN
Hydrogen (H), being the most abundant element in the universe, is present in sev-
eral compound semiconductors which makes it an interesting phenomenon to study
for practical purposes. Indeed, there has been substantial research on the chemical
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kinetics and microscopic structure of hydrogen complexes within semiconductor ma-
terials [108–112]. While there exists migration of isolated H as a charged species [109],
it can be incorporated into complexes with both dopants and deep-level defects.
Further, controlled introduction of H can be advantageous to semiconductor device
development. For example, hydrogen passivation of dopant impurities is utilized
in GaAs as a processing step to produce laser-diodes [113]. On the contrary, hydro-
gen incorporation can also be detrimental to device efficiency, i.e. by passivating
acceptors and lowering conductivity [2].
During GaN crystal growth, hydrogen emerges from the carrier gas and the de-
composition of the nitrogen precursor ammonia (NH3), and proceeds to passivate
shallow and deep level defects, limiting spectroscopic access to these defect com-
plexes. Thusly, understanding the role of hydrogen is essential to the development
of any GaN technology. For the nitrides, the principal interest in hydrogen incor-
poration was sparked by the discovery that post-growth annealing was required to
realize high conductivity [2]. The unintentional inclusion of hydrogen, along with hy-
drogen’s high diffusivity, presented uncontrolled deviations in conductivity induced
by hydrogens ability to passivate the electrical activity of impurities such as the
acceptor Mg, a dopant crucial to producing p-type GaN. Evidence for Mg-H defect
complexes was first discovered by detecting the hydrogen local vibrational mode
at 3125cm−1 and the corresponding deuterium mode at 2321cm−1 [71]. Considering
the influential role of H in traditional semiconductors, these hydrogen modes were
further studied via Raman scattering [114,115].
Materials grown using the above mentioned nitrogen precursor possessed a con-
siderable concentration of hydrogen incorporation. Even though the incorporation
efficiency of hydrogen is affected by GaN’s high degree of threading dislocations,
there is still enough hydrogen to hinder the production of p-type GaN. The solu-
tion to this problem was discovered through low energy electron beam irradiation
(LEEBI) treatment which disassociates the Mg-H complexes, activating the Mg ac-
ceptors [77]. Additionally, annealing processes at 800oC caused the effusion of hydro-
gen clusters from the material and lead to the realization of p-type GaN [2]. Further
analysis of H migration was accomplished by using Eu as a probe in GaN:Eu,Mg
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structures [74,75].
6.1.2 Hydrogen Migration in GaN:Eu,Mg
The Eu ions emission spectra is incredibly susceptible to the changes in the ions’
local environment. This proves to be advantageous, especially when the defect com-
plex undergoes modifications. As mentioned above, Mg is commonly incorporated
into GaN to gain p-type conductivity. When Mg is co-doped into GaN:Eu, new
centers are produced [73,116]. Mg’s role as an acceptor also substantially increases the
excitation efficiency of the Eu complexes [73,117]. Even so, H remains a nuisance in
these materials due to the previously noted passivation effect.
Under LEEBI, where the material structure is irreversibly altered (unless chem-
ical treatment is completed), Mg perturbed Eu centers experienced an alteration
in their optical properties. Considering the high mobility of H, the spectroscopic
changes in the Eu emission are attributed to H migration [75]. In more detail, in
the as-grown samples, the most abundant site, Mg/Eu1, which includes a hydrogen
located at an interstitial position, is reconfigured by a low-energy electron beam
into Mg/Eu2 or Mg/Eu3, the key difference between all 3 sites being the location of
the H. The defect complex for Mg/Eu2 comprises a H sitting on a nitrogen vacancy
(VN). In Mg/Eu3, the hydrogen is positioned so far away that the Mg is no longer
passivated. Density Functional Theory (DFT) calculations revealed that the defect
reconfigurations were driven by electron-induced changes in the charge states of the
complexes [75].
Another means of inducing hydrogen migration is by furnishing vibrational en-
ergy to the material. Again, using Eu as a probe, it was demonstrated that small
amounts of local vibrational energy, provided by indirect (above band-gap) or di-
rect (resonant) excitation, was sufficient to induce hydrogen migration inherent to
GaN:Eu,Mg [74]. The details of the reconstruction of the complex itself, while trig-
gered by the inclusion of vibrational energy, is influenced by the existence of addi-
tional charges and excess energy. Moreover, under direct excitation, it was shown
that Mg/Eu1 complexes were converted into Mg/Eu3, completely bypassing any
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changes into Mg/Eu2 and establishing that a significant amount of H migration can
be stimulated by minuscule quantities of local vibrational energy. Under indirect
excitation, similar results were observed with the notable exception of Mg/Eu2 for-
mation. Since the reconfiguration is charge driven, Mg/Eu2 appears under indirect
excitation due to the availability of excess charges during above band-gap excitation.
Further, a charge can be captured during H migration, increasing the likelihood of
Mg/Eu2 development.
6.2 Brief interlude into the growth of GaN on
sapphire and HVPE grown GaN substrates
Ultimately, the most cost-effective way to manufacture GaN thin films is to portion
quantities out of bulk crystals. Despite the substantial efforts fueling this field, high-
quality GaN is difficult to grow in bulk due to the high melting point (>2500◦C)
and high disassociation pressure (∼4.5 GPa) of N2 at high temperatures [118]. In the
face of this adversity, it is necessary to grow GaN via a chemical reaction and on
foreign substrates. The most promising material is sapphire which is stable at high
temperatures and does not react strongly with ammonia, one of the precursors to N
incorporation in GaN. Further, sapphire promotes the nucleation and growth of this
semiconductor material at lower temperatures and pressures. However, the lattice
mismatch (16%) between the aforementioned materials furnishes a high density of
threading dislocations in the GaN layer, which diminishes device performance.
Several growth methods have been attempted for bulk GaN crystals by solution
growth procedures using N2 flux
[119], pressure-controlled solution growth (PC-SG)
methods involving Ga solutions experiencing pressurization by nitrogen [120], and
ammonothermal technique consisting of metal reactions with supercritical ammo-
nia at relatively low temperature and pressure conditions [121]. In the past decade,
GaN substrates have been successfully grown via Hydride Vapor Phase Epitaxy
(HVPE). This is a promising method since, when compared to other techniques,
it can develop GaN at higher growth rates [122]. Furthermore, GaN:Eu on a GaN
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Figure 6.1. GaN:Eu/Mg (on sapphire) emission profiles taken before and after
indirect excitation at T=5K. The centers Mg/Eu1-3 are identified by numbers 1-3,
respectively. Under the aforementioned excitation, there is large decrease in intensity
for Mg/Eu1 and increase for Mg/Eu3, indicating a reconfiguration process [75].
substrate (GaN:Eu/GaN) has a better crystalline quality than GaN:Eu/sapphire
and is especially advantageous since thermal quenching of the Eu luminescence is
suppressed [123]. Unfortunately, since Eu2 is associated with a defect, better crystal
quality inhibits its formation in GaN:Eu/GaN. On the other hand, there is an evi-
dent increase in the Eu1 defect concentration, which can be convincingly interpreted
as the basis for the lower thermal quenching observed in this sample. Additionally,
without the lattice mismatch, there is a decrease in threading dislocations and in-
terface traps suggesting that hydrogen may have the freedom to travel within the
Eu doped epilayers since it does not undergo trapping from these aforementioned
defects. Under these circumstances, it became necessary to explore what happens
with H atoms if they are no longer decorating threading dislocations.
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Figure 6.2. Above band-gap excitation spectra for GaN:Eu/GaN at t=0 and after
several seconds of exposure to laser light. The peaks are labeled 1-5 for convenience,
not because of their origins. Peaks 1 and 2 are emission from the traditional Eu1
site and increase as the H perturbation lessens. Peak 3 originates from Eu2. Peaks
4 and 5 are due to Eu ions experiencing H-related perturbations and decrease as H
moves away from the complex.
6.3 Properties of Reconfiguration
6.3.1 Above Band-gap Excitation
We know from previous work done on GaN:Eu,Mg that reconfiguration of Eu-VN-
Mg-H complexes, labeled Mg/Eu1-3 depending on the location of H within the
defect, can be stimulated by indirect excitation, shown in Figure 6.1 [75].
For GaN:Eu/GaN samples, a similar reconstruction under UV irradiation is es-
tablished and involves processes analogous to a conversion of Mg/Eu1 into Mg/Eu3,
with a noticeable anomaly. As mentioned previously, in GaN:Eu,Mg, under indirect
excitation, which boosts the availability of carriers, a charge can be captured by
Eu-VN-Mg defects during H migration, increasing the likelihood of Mg/Eu2 forma-
tion [101]. For GaN:Eu/GaN, however, no evolution of Mg/Eu2, characterized by H
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migrating from its interstitial position to a VN, is observed. In fact, as shown in
Figure 6.2, while peak 3, associated with Eu2, remains unchanged, peaks 4 and
5, Eu1 profile features, experience a decrease (increase) in perturbation (excitation
efficiency) with increase in UV irradiation time. The spectrum collected after 72s
of exposure illustrates a resultant marginally perturbed Eu1 emission profile. While
peaks 1 and 2 experience a substantial decrease, highlighting H’s migration away
from the complex, Eu1 experiences an increase in intensity, alluding to H remaining
close enough to the complex to influence the excitation efficiency of the Eu ions.
These results suggest that not only is H undergoing substantial migration away
from the defect complex, it is analogous to the migratory processes occurring in
GaN:Eu,Mg/sapphire samples under UV irradiation. Moreover, the movement of
H, in terms of the Eu-Mg-H system, is similar to the degradation of Mg/Eu1 lead-
ing to the formation of Mg/Eu3 with the key exception that no Mg/Eu2 is created.
This result reveals that without Mg present, the Eu ions by themselves are not as
proficient at retaining H.
6.3.2 Resonant Excitation
To explore the phenomenon of H-migration in GaN:Eu/GaN further, resonant exci-
tation was employed via Combined Excitation Emission Spectroscopy (CEES). We
directly excited the Eu ions from their 7F0 to
5D0 state and collected their subse-
quent emission. Figure 6.3 depicts a CEES map for GaN:Eu/GaN which initially
suggested that there were no H-related perturbations occurring. Additionally, un-
like a previous sample grown on GaN substrate, there is a weakened stripe at Eu2
emission energies, suggesting that the incorporation of this defect is inhibited under
the growth conditions implemented for the present sample.
At this point, it became beneficial to perform CEES at higher exposure times in
distinct regions of interest. Since perturbations to the Eu ion emission profiles were
governed by the location of H, the map was restricted to the domain of Mg/Eu1, the
only site among the Mg/Eu series that exists at entirely different emission energies
than the traditional Eu incorporation sites. We discovered that, indeed, there were
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Figure 6.3. CEES map collected for GaN:Eu/GaN. Unlike a previous sample
grown on GaN substrate, this one lacks a strong stripe at Eu2 emission energies,
highlighted in the red box. There is some emission from Eu2* and its descendants
but the latter is very faint.
H-related perturbations in that region (c.f. Figure 6.4b (a)) but the relative numbers
were incredibly low. A comparison was made with a GaN:Eu,Mg/sapphire sample
with high Mg content to verify the similarity in emission energy ranges and the
possibility of a similar configuration without Mg (c.f. Figure 6.4b (b)). Since Mg
does not inherently influence the emission profile shape, it can be expected that
if H is located at the same location as in the Mg/Eu1 complex, it would perturb
the Eu ion in a comparable fashion and cause it to emit within a similar energy
range. Furthermore, since we do see emission at Mg/Eu1 energies, this was an
initial indication that a search should be done for Mg contaminants.
Up until this point in time, it was assumed there was no Mg in our sample;
however it was brought to our attention that there might have been unintentional
Mg contamination ( on the order of ppm) due to the sample being produced in
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(a)
(b)
Figure 6.4. CEES maps for (a) GaN:Eu/GaN and (b) GaN:Eu,Mg/sapphire. The
red lines indicate the similar excitation and emission energies for the H-related sites
in each sample. In the first map, the emission from the defects incorporating H is
very low. The second CEES map discloses that these sites emit stronger. This is due
to the Mg acceptor which increases the complex’s likelihood to capture a H which
subsequently perturbs the Eu ion, causing it to emit in the regions highlighted by
the red lines.
an OMVPE reactor in which LED structures were grown. Considering this pos-
sibility, we performed room temperature above band-gap measurements to spec-
troscopically decipher the concentration of Mg. The results (c.f. Figure 6.5 (b))
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Figure 6.5. The top figure reveals room temperature above band-gap spectra for
GaN:Eu with (red) No Mg, (blue) Low Mg (1 × 1018cm−1, (green) Medium Mg
(7× 1018cm−1, and (black) High Mg (2.4× 1019cm−1) concentrations [101]. The bot-
tom figure illustrates results for GaN:Eu/GaN, with the notable exception that the
spectra represents GaN:Eu with Med-High Mg content when, in actuality, contami-
nation level Mg may be present. H-related peaks, the most prominent features, are
located between 1.998eV and 2.004eV.
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disclose a spectrum usually seen for Med-High Mg content, and not one observed
for low to no concentration of Mg, seen in Figure 6.5 (a). The blue shift in emission
peaks for GaN:Eu/GaN compared to GaN:Eu,Mg/sapphire is due to the difference
in substrate material. To summarize, our studies thus far were confusing because
CEES results suggested low Mg and above band gap suggested high-medium con-
centrations. Consequently, it became necessary to determine how much Mg was
incorporated in the sample.
6.4 Determining Mg contaminant level
6.4.1 Energy Dispersive x-ray Spectroscopy (EDS) trials
Due to the possibility of Mg contamination, it became necessary to determine the
Mg concentration incorporated in GaN:Eu/GaN. Our first attempt involved per-
forming EDS which is a spectroscopic technique involving microchemical analysis
and scanning electron microscopy (SEM). This optical method detects the x-rays
emitted from the material during bombardment with an electron beam, allowing
for the characterization of the elemental composition within the excitation volume.
EDS experiments usually incorporate an x-ray detector which is employed to sep-
arate the distinctive x-rays of different elements into an energy spectrum. System
software, which is dependent on the manufacturer, is exploited to analyze the energy
spectrum in order to resolve the concentration of individual elements.
When our samples was analyzed under this spectroscopic technique, results were
inconclusive due to the lack of sensitivity of the technique. As Figure 6.6b revealed,
the Ga peak dominated the spectrum, causing great difficulty in distinguishing the
Mg peak. This occurred due to the large concentration of Ga and trace levels of
Mg.
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(a)
(b)
Figure 6.6. EDS Trials were performed to determine the Mg concentration in
GaN:Eu/GaN. Figure (a) reveals an image of the sample surface; the black box in
the top left corner represents an excitation area. Figure (b) shows the collected EDS
spectrum, with Ga dominating the spectrum around Mg emission energies.
6.4.2 Secondary Ion Mass Spectrometry (SIMS) Results
Secondary Ion Mass Spectrometry (SIMS) is a technique that specializes in detect-
ing very low concentrations of dopants and impurities. SIMS involves sputtering a
solid sample with primary ions (usually carbon or oxygen) and analyzing the re-
sultant secondary ions that emerge from the material. Analysis of secondary ions,
using a mass spectrometer, supplies information about the elemental, isotopic, and
molecular composition of the microscopic layers.
When this technique was applied to GaN:Eu/GaN, it was able to confirm that
there were trace amounts of Mg in the dopant layer of the sample. For reference, the
Eu and Mg concentrations of a GaN:Eu,Mg sample with the best optical properties
were determined, by SIMS, to be 3× 1019 and 2.4× 1019 cm−3, respectively. SIMS
revealed that within GaN:Eu/GaN, the Mg concentration is approximately 3 ×
1016cm−3, three magnitudes less than a typical Mg concentration. Due to the trace
amounts of Mg in the dopant layer, it cannot be held responsible for the high-
Mg-concentration profile exhibited in Figure 6.11b. However, in the Al capping
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layer, which comprises the top 200nm of the sample, there is a high concentration
of Mg and Eu which may be responsible for the H-related features observed in
GaN:Eu/GaN.
Earlier, there was confusion concerning conflicting results from emission collected
from the sample under above band-gap (at 325nm) excitation and resonant excita-
tion (around 570nm), with the former showing high Mg concentrations and the latter
revealing contamination levels of Mg. This discrepancy is due to the penetration
depth for each excitation regime. As discussed in Chapter 4, the penetration depth
for UV light in GaN is on the order of 300nm. Resonant light can travel much fur-
ther, even to substrate layer regions. With this in mind, while above band-gap light
can probe the topmost layer of this sample, where high levels of Mg exists, resonant
excitation is able to assess the full sample structure. Notwithstanding, even though
the latter can provide a better analysis of the overall material constituents, it lacks
the sensitivity to elements only incorporated in a small portion of the sample.
6.4.3 Temperature Dependence
Since high levels of Mg were confirmed in the capping layer of the sample, this
presented an opportunity to study comparisons between GaN:Eu,Mg/GaN and
GaN:Eu,Mg/sapphire. To examine our structures further, temperature-dependent
measurements were employed. The excitation conditions, such as laser power and
confocal alignment, remained the same as before, but the experiment was imple-
mented at several temperatures. In GaN:Eu,Mg/sapphire, there exists a limit tem-
perature of 60K, above which no reconfiguration was observed [101]. For GaN:Eu,Mg/GaN,
no such limiting features were noted - in fact, with constant laser excitation, recon-
figuration ensued but at a slower rate at higher temperatures. Figure 6.8 illustrates
the reconfiguration as a function of a range of temperatures. At 10K, after 13s of
irradiation, H has completely migrated out of the system. When the temperature is
increased to 50K, H migration occurs, albeit slowly, with H further away from the
Eu ion but not completely out of the system after 117s or almost 2 mins of laser
excitation. At 140K, after 710s, or almost 12 mins, Eu ions are still experiencing H
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Figure 6.7. SIMS results acquired by EAG, Inc. (Evans Analytical Group). The
Mg concentration, highlighted in red, was found to be 3 × 1016cm−3 in the dopant
layer. However, in the top 200nm of the sample (indicated by the black dashed
rectangle), there is a high concentration of both Mg and Eu.
migration but, as revealed by their spectra, H has not yet exited the complex but
is close enough to continue to perturb the ions.
These temperature-dependent results for GaN:Eu,Mg/GaN reveal that, unlike
the GaN:Eu,Mg/sapphire defect complexes, H migration can occur at higher tem-
peratures but its progression is slower. At these elevated temperatures, in addition
to the reconfiguration processes, the intensity of the Eu ions emission decreases
with laser irradiation. In GaN:Eu,Mg/sapphire samples, a UV-irradiation-activated
defect acted as a non-radiative trap (a trap that experiences a transition from an ex-
cited state to a lower state without emitting a photon) at higher temperatures. Small
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reconfigurations of the Eu-H-Mg complexes were detected and the total integrated
intensity was reduced. For the GaN:Eu,Mg/GaN, a similar effect was discovered –
disassociation of the H from the complex occurs but there is a loss in total integrated
intensity due to the presence of non-radiative traps at increased temperatures.
After any Eu-H-Mg complex reconfiguration occurs, a full recovery of the as-
grown spectra and material structure can be regained by warming the sample to
room temperatures. While H migrates out of the defect structure under UV irradi-
ation, it remains close enough to be recaptured upon heating. Notably, after laser
excitation at 10K, cycling to 140K and back to 10K does not recover the original
spectra. Elevating the GaN:Eu,Mg/GaN sample temperature to 295K was required
to completely reset the system. Additionally, no near band-edge (NBE) emission
nor defect-related band luminescence was observed, suggesting that the excitation
energy of the GaN host material was effectively transferred to the Eu ions for Eu-
related emission [3,7].
6.4.4 Spatial Dependence of Hydrogen Migration
The previous section reported on the decrease of the hydrogen perturbation, exem-
plified by decreasing H-related peaks, as a function of temperature. Keeping the
temperature constant at T=10K, a similar experiment was performed at four par-
ticular locations. Since H migration could be instigated with very small amounts of
energy, depletion effects were explored. Luminescence was recorded as a function of
time for the duration of the measurement. At the first location, the laser light was
unblocked and the first peak detected was considered to be t=0 for that location.
Subsequent decay was observed until all hydrogen related features had dissipated.
The microscope was then rapidly moved to another area of the sample and the
ensuing luminescence was collected. Results are shown in Figure 6.10a.
While the diffusion lengths in GaN are relatively small, Figure 6.10a discloses
that as excitation is performed on consecutive areas of the sample, the intensity
does not recover to its original value observed in the first location, x1. This is due to
the small amount of local energy that is sufficient to induce H migration. Even with
124
(a) (b)
(c) (d)
Figure 6.8. Indirect excitation spectra before and after several seconds of exposure
at T=10K, 50K, 80K, and 140K. The peaks for Eu2 and the H-related perturbations
are labeled. Temperature dependent measurements were taken to demonstrate the
lack of a limit temperature for H migration in GaN:Eu,Mg/GaN, i.e. the effect
happens at higher temperatures but requires longer time scales for it to be observed
and, even then, the migration is not as significant as at lower temperatures.
the small diffusion lengths, enough stray light from the sample chamber, while not
enough to excite the Eu ions, can propagate through GaN and influence H to move
away from the Eu defect complexes. Equally important, an additional effect is noted
as the decay rate is calculated for the individual decays detected at each location on
the sample; one exponential function is inadequate at describing the decay behavior
– two are needed (Equation 6.1), indicating that more than one process is occurring.
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Figure 6.9. The above schematic portrays two types of centers. Type 1 has a Mg
near by that is able to secure H from a Eu-Mg complex. The second structure has
a Mg further away and more attempts are required for that Mg to re-capture a H.
I(t) = a1e
b1t + a2e
b2t (6.1)
where I(t) is the emission intensity, a1 and a2 are amplitudes for the exponentials
and b1 and b2 are decay constants.
The fitting parameters, shown in Table 6.1, indicate that population with the
higher decay rate is in the majority until excitation occurs at another location at
which point the species with the lower decay rate is dominating. This suggests that
a depletion effect is occurring between two different types of centers, illustrated in
Figure 6.9. One of the structures has a defect within the vicinity of the Eu-Mg-H
complex that is able to capture H and retain it up to room temperature. In other
words, as H moves further away from Mg, another Mg near by that is disconnected
from any Eu-related complexes and is likely on its own re-captures the H. The second
type of environment does not have this additional defect, therefore more attempts
are required to move the H far enough away that the Eu ion stops experiencing
related perturbations. This phenomenon is analogous to ionizing defects in general
— a certain activation energy is required to send the H far enough away that it gets
captured by another defect. At the second through fourth locations, the majority
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Location a1 (a.u.) b1(Hz) a2(a.u.) b2 (Hz)
x1 23000 0.36 12000 0.02
x2 3900 0.21 10000 0.02
x3 3900 0.17 8900 0.01
x4 4300 0.1 6800 0.01
Table 6.1. Above are the fittings parameters for the exponential fits given in Figure
6.10. The fits themselves are govern by Equation 6.1. ai represents the amplitude
for each exponential and b2 is the decay constant.
of the sites that are still suffering H-related perturbations are the sites that are not
as efficient at capturing energy and sending their H far enough away. The minority
population at these subsequent locations are the ones who possess the additional
Mg near by but are just receiving energy to instigate their H-migration. Overall,
the hydrogen peaks dissipate under continuous indirect excitation and, eventually,
H is no longer perturbing the Eu ion emission profiles.
6.5 Two tests: annealing in N2 and annealing in
ammonia (NH3)
In conventional semiconductors, annealing treatments in N2 and NH3 greatly in-
fluenced the movement of H. Earlier it was stated that for GaN:Mg, annealing in
N2 ambient, using rapid thermal annealing (RTA), is usually implemented to en-
courage H effusion and activate the Mg acceptors which are passivated by H. When
GaN:Eu,Mg/sapphire is annealed at 800 ◦C for 10 min, there is a reduction in room
temperature intensity (c.f Figure 6.11a), highlighting the decrease in H-related per-
turbations, some of which still do remain [116] and can be more effectively seen at low
temperatures during H-migration. In GaN:Eu,Mg/GaN, however, samples that un-
derwent the same annealing treatments, exhibited a different behavior (c.f. Figure
6.11b). In addition to reduction in luminescence, there is a complete absence of H
perturbation. In this particular sample, the aforementioned result may be due to the
ease of H effusion. Since most of the captured H is at the topmost layer, as opposed
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(a)
(b) (c)
(d) (e)
Figure 6.10. Figure (a) reveals the intensity of the hydrogen-related peak at
emission energy 2.004eV as a function of time, at four distinct locations, x1−4. The
purple region highlights measurements taken for one location with its corresponding
data and fit shown in Figure (b). Figures (b-e) show the individual decay at each
unique location on the sample. The data was fitted for two types of incorporation
environments; the fitting parameters are revealed in Table 6.1. All measurements
were taken at T=10K under above band-gap (at 325nm) excitation power of 27µW.
At t=190s, the laser light was blocked, causing the emission profile to experience a
sharp drop to zero intensity.
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(a) (b)
Figure 6.11. (a) Room temperature photoluminescence (PL) spectra comparing
GaN:Eu,Mg as grown and after annealing in N2 and subsequent annealing in NH3
[116]
(b) Optical spectra for low temperature indirect excitation where H perturbation
is clearly observed. Before annealing in N2, H migration is clearly present. After
annealing treatments, no H perturbation is observed.
to being throughout the dopant layer like in a traditional GaN:Eu,Mg/sapphire
sample, annealing treatments are able to effectively diffuse H out of those regions.
When GaN:Eu,Mg/sapphire underwent annealing treatments in NH3, no new
centers or changes in the spectroscopic properties were observed [75]. However, when
GaN:Eu,Mg/GaN experienced a similar annealing process, there was a notable in-
crease in room temperature luminescence (c.f. Figure 6.12). Generally, annealing
in an ammonia ambient facilitates the incorporation of H into the semiconductor.
Since the H atoms are not trapped near the substrate-buffer layer interface or dec-
orating threading dislocations induced by lattice mismatch between those regions,
like they are in GaN:Eu,Mg/sapphire, they are free to roam the epitaxial layers and
be captured by Mg. Ultimately, the Mg in GaN:Eu,Mg/GaN is able to secure more
H since it is not competing with other traps.
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Figure 6.12. Emission from the as-grown bulk sample is depicted in the purple
spectrum. The green spectrum originated from the bulk after it was annealed in
ammonia. After the ammonia treatment, a significant increase in luminescence was
noted.
6.6 The Etching Of GaN
In the interest of making comparisons between the Mg-doped layer and the GaN:Eu
layer beneath it, the top 200nm of the sample was removed. To accomplish this, two
techniques were explored, the first being chemical etching and the second being SEM
Milling with a Focused Ion Beam (FIB). GaN is a notoriously stubborn material
that is difficult to etch. Attempts were made with crystallographic wet chemical
etching of GaN using phosphoric acid, H3PO4, at various temperatures and time
intervals [124,125]. This method was unsuccessful and no difference in luminescence
was observed from GaN:Eu,Mg/GaN.
A more brute force approach was taken by exploiting SEM milling with a Fo-
cused Ion Beam (FIB). A FIB setup resembles that of a scanning electron microscope
(SEM), with the exception that instead of utilizing a focused beam of electrons, a
focused beam of ions is employed. In a traditional set up, the ion beam hits the
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(a)
(b)
Figure 6.13. These are spectra taken at room temperature (T=295K), under UV
(at 325nm) excitation, as a function of distance scanned on the sample. The blue
spectrum in Figure (a) refers to an unmilled location, indicated by the blue line in
the map given in Figure (b). The red spectrum corresponds to emission from the
milled location where the top 200nm, Mg-contaminant layer has been delayered. The
shoulder seen at emission energy 2.003eV is indicative of a low Mg concentration.
The purple circle in Figure (b) highlights the general vicinity of the milled area.
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Figure 6.14. Above is the ratio of the highest hydrogen related peak (at emission
energy 2.003eV) to the Eu peak (at emission energy 1.993eV) seen at room tem-
perature under UV excitation. The edge of the milling location, the milling area’s
radius, and the approximate depth of the milling valley is indicated by the purple
arrows.
sample surface and sputters a small amount of material. For our purposes, a Fis-
chione Instruments, Inc SEM Mill, Model 1060, was implemented, this model being
accessorized with two independently adjustable Ar ion beams. GaN:Eu,Mg/GaN
was successfully milled at 50% focus and 4◦ angle for 10mins. After checking the
sample’s emission under UV excitation at room temperature, the Eu emission was
still present but the aforementioned H-related features (observed between 1.998eV
and 2.004eV) were no longer seen (c.g. Figure 6.13). This presented confirmation
that H does not significantly influence Eu ion emission and the noted H-related
luminescence is due to the top contaminant layer of the sample.
Moving forward, additional information was extracted from a comparison be-
tween the milled and unmilled regions. The ratio between the hydrogen-related
peak and the Eu peak at room temperature was explored as a function of scanning
distance across the sample (c.f. Figure 6.14). Since Eu did not suffer perturbations
from Mg directly, but from the H it captured, the aforementioned ratio provided
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Figure 6.15. Taken at T=10K, using above band-gap excitation (at 325nm) these
are emission profiles collected from the milled and unmilled regions of the bulk
sample. The red line shows a typical H perturbed spectra. The purple line depicts
emission from the milled valley where the Mg contaminant has been delayered – no
H-related peaks are observed.
a look into the ratio between Eu and Eu-Mg incorporation environments. Inside
the milled area, the ratio was 0.7, which is expected considering the relatively low
Mg concentration. Outside of the milling area, the average ratio was approximately
1.2, which is far lower than what is expected in a traditional Mg-doped sample
with high Mg concentrations (c.f. Figure 6.5). Such a low ratio is not completely
surprising since the sample surface quality is compromised due to the ion beam
delayering process. Comparatively, before any sort of etching treatment was com-
pleted on the bulk material, the hydrogen related peaks (for reference, shown in
the top portion of Figure 6.5) were not as dominant like the ones observed in a
normal GaN:Eu,Mg/sapphire sample (seen in the bottom part of Figure 6.5). This
observation retro-actively confirms that the Mg concentration, while high, was only
in a small percentage of Eu complexes; thus, the majority Eu ion population was
not probing the Mg concentration.
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6.6.1 Resonant and Indirect Excitation after Etching GaN
To complete the analysis of the bulk sample’s unmilled and milled regions, CEES
was also completed. Markedly, the CEES maps collected in each region were similar
with no distinguishing characteristics between the two, demonstrating the similarity
of the emission from each location. This type of result highlights the insensitivity of
the CEES technique to contamination level materials present in the sample. Further,
since Eu is used as a probe to detect Mg and most of the Eu population was displaced
from the layer of high Mg concentration, Mg could not be detected by traditional
means of resonant excitation. In like manner, Eu could not efficiently probe the Mg
in the dopant layer because there was not a high enough concentration present.
In the interest of completeness, indirect excitation was completed with above
band-gap light at 325nm. A comparison was made between the emission collected
from the milled and unmilled areas (c.f. Figure 6.15). The spectra provided evidence
for the idea that without Mg, no H-related perturbations were experienced.
6.7 Conclusions
In summary, the optical properties of a GaN:Eu dopant layer grown on HVPE GaN
substrate have been carefully scrutinized under various excitation and annealing con-
ditions. GaN:Eu/GaN exhibited strong luminescence properties with spectroscopic
perturbations that alluded to hydrogen adopting a more influential role on the Eu
ions. Due to the growth environment of the sample, a Mg memory effect occurred,
necessitating EDS and SIMS measurements to confirm the trace levels for Mg in the
dopant later. However, SIMS measurements also revealed a high concentration of
Mg and Eu in the top Al capping layer. Etching of the capping layer allowed the
removal of the Mg contaminant and disclosed that the H-related features originated
from that epilayer.
Even with the Mg contamination, annealing treatments provided initial indi-
cations that without the sapphire-GaN interface, Mg seemed to be the dominant
defect capturing H since the former is no longer competing with other traps. In
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like manner, H effusion occurs more readily since H is not secured at threading
dislocations and mostly exists in the topmost Mg co-doped layer. Additionally,
above band-gap excitation temperature-dependent results revealed that there was
the lack of a limit temperature for H migration. This result is possibly due to the
high concentrations of Mg present in that region. With an increase in Mg, there is
a corresponding increase in H captured by Mg; hence, more H is incorporated for
H-related perturbations and migration.
Further, insight was given about the two dissimilar incorporation environments
in GaN:Eu,Mg/GaN — their distinguishing characteristic being the proximity of
an isolated Mg. Additionally, the CEES method was revealed to lack sensitivity to
contamination level impurities. In summary, compared to the accepted H-related
behavior in other semiconductors, H’s performance is distinctive in GaN when Mg
is involved. Without the presence of Mg to capture H, the Eu defect complexes
are unable to trap H by themselves. Correspondingly, without the sapphire-GaN
interface, Mg is able to more effectively secure H.
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Chapter 7
Conclusions and Future Work
In essence, this work has investigated GaN:Eu with several optical and analytical
methodologies, with each project contributing to the development of this material
for practical purposes.
Sample Survey
An extensive study was undertaken to explore samples grown using conventional
and non-traditional techniques and with various co-dopants. A new series of variant
sites, Eu2*a,b, were studied, one key aspect of their development being the need for
oxygen within the sample. These centers followed temperature dependent behaviors
similar to that of their parent incorporation environment. Furthermore, Eu2*a,b,
are proposed to be the Eu2* complex with additional levels of perturbation. In
other regions of the survey, there was verification of a Si-Mg-related site anticipated
to emerge under phonon-assisted excitation regimes. Additionally, a stress-related
defect was observed to emit two stripe features at 2.014eV and 2.0178eV. They are
most likely due to the lattice mismatch that occurs between the sapphire substate
and GaN layers.
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Saturation Behavior of Eu-doped GaN
Power dependent measurements were completed to explore the saturation behavior
of GaN:Eu. Using laser excitation at wavelengths 355nm and 364nm, we were
able to optically access both Eu1 and Eu2 incorporation environments individually.
Calibrating the data with a HeNe laser allowed a more quantitative analysis of the
collected Eu intensity. Subsequently, a robust model was developed to describe and
predict Eu ion emission behavior. The model was also adept at determining the
concentration of efficient and inefficient centers independently, providing a tool to
probe the status of current growth techniques and their influence on the optical
accessibility of Eu in GaN:Eu. We deduced that, at best, only about 55.8±4.91%
Eu centers are actively participating in luminescence and the efficient complexes are
in the minority – the pertinent conclusion being that we have quantified a bottle
neck for nitride-based red LED efficiency.
The Role of Charged Defects on the Structural and Luminescence Prop-
erties of Eu ions in GaN
The interchange between Eu2* and Eu2 was comprehensively studied using both
traditional confocal microscopy and a new Multi-Excitation Emission Spectroscopy
(MEES) at various temperatures and excitation conditions. Further, the sites of
interest were analyzed in the above band-gap, below band-gap, and resonant ex-
citation regimes, the former two being implemented simultaneously to trigger the
reconfiguration of Eu2 and Eu2*. The stripe defect, which is likely a VN, a positively
charged donor, facilitates the transformation of Eu2 into Eu2*, especially at higher
temperatures where the available charge carrier density is elevated. With these re-
sults, a model was proposed for the structural properties of the site Eu2*, which
is an independent complex, comprising a EuGa, with a VGa, a negatively charged
acceptor, and a charge distributed throughout the center.
In summary, the achievements of this work are:
1. Determined the maximum concentration of Eu ions that can be excited.
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2. Derived a versatile model to predict the saturation behavior for Eu ions.
3. Examined the role of charge carriers on the luminescence properties of Eu ions.
4. Deciphered the structure for minority site, Eu2*.
5. Inspected a variety of samples to explore the structural properties of minority
structures such as the variant sites and their connection to Eu2*.
6. Revealed the role of hydrogen in a sample containing both GaN:Eu and GaN:Eu,Mg
layers. The material was developed on a HVPE grown GaN substrate, as op-
posed to a sapphire substrate, the key feature being the lack of sapphire-GaN
interface traps.
7.1 Future Work
While these studies have delved into the inner workings of GaN:Eu, there are further
avenues of research extending from the above mentioned results, some of which are:
1. A comprehensive study on GaN:Eu/GaN that is contaminant free
2. Defect engineering of GaN:Eu that facilitates the formation of efficient center
types; this process would involve optimizing Eu incorporation, improving δ
structures, more effectively incorporating donor-acceptor pairs, etc.
3. Research spectroscopic evidence for O as a donor for Eu2*a,b and Eu2 using
the MEES technique developed in this work.
Even though GaN:Eu was thoroughly investigated by implementing a variety of
optical techniques and analytical approaches, there is progress to be made in order
for this promising material to reach its potential as a technology with innovative
applications.
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Appendix
7.2 Logistics of the Microscope Setup
Input couplers:
• For resonant and below band gap excitation: FC/PC connector, part number:
PAF-X-18-VIS-Z.
• For above band gap excitation: FC/PC connector, part number: PAF-X-18-
VIS-FC/PC.
Optical Elements:
• The different optical components were chosen for their transmissivity and re-
flectivity. The goal was to reflect the required excitation and still be able to
transmit other excitations and the resulting emission from the sample. Theo-
retical reflection and transmission spectra for the various dichroic mirrors and
edge pass filters, are shown in Figures 7.1, 7.2, and 7.3.
Assembly was accomplished such that the required excitation wavelengths would
be reflected and transmitted down to the sample and the subsequent emission would
be transmitted through the microscope and up to the collection pinhole.
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(a) Spectrum for the reflection.
(b) Spectrum for the transmission.
Figure 7.1. 532 nm laser BrightLine single-edge laser-flat dichroic beamsplitter.
Part number: Shemrock DI02-R532.
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(a) Spectrum for the reflection.
(b) Spectrum for the transmission.
Figure 7.2. 355 nm RazorEdge ultrasteep long-pass edge filter. Part number:
Shemrock LP02-355RU.
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Figure 7.3. Longpass Dichroic Mirror at 605 nm. Part number: Thorlabs
DMLP605
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3.15 CEES maps shown for GaN:Eu/GaN (the bulk sample) and in the
inset, D1. The stripe features at 2.014eV and 2.0178eV are seen in
the DS material but not in the sample grown on a GaN substrate. . . 65
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the above diagram. Depending on the properties of the lens, the beam
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subsequently experience a decay to 7F2, simultaneously emitting a
red photon. Any decays occurring from 7F2 to
7F0 are negligible due
to their fast time scales. . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.6 In this ‘No. of Eu Ions Excited’ vs. ‘Input Photon Rate’ plot, the dots
represent experimental data and the line symbolizes the predicted
saturation behavior determined by the model. It is clear the proposed
model, in its current form (Eq. 4.8), does not fit the data well. . . . 78
4.7 Saturation model results, in addition to experimental data, is pre-
sented above for overview. . . . . . . . . . . . . . . . . . . . . . . . . 81
4.8 Data is presented to illustrate that two types of centers need to be
considered when modeling the saturation behavior of Eu ions. . . . . 84
4.9 The top plot reveals the saturation behavior for Eu1, and the bottom
discloses the results for Eu2. Both are given for the Si co-doped
sample. In each graph, the black line represents the predictions of
the saturation model and the purple dots signify the experimental
data. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
4.10 Similarly to Figure 4.9, the top figure shows results for Eu1 and the
bottom plot reveals Eu2’s saturation behavior. Both plots are given
for GaN:Eu grown with an optimized V/III ratio. The model pre-
dictions are seen in the black lines and the experimental data is is
represented by the purple dots. . . . . . . . . . . . . . . . . . . . . . 87
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5.1 The above figure reveals emission spectra for the Eu2 and Eu2*
(OMVPE 8) incorporation environments under below band-gap (at
532nm) and above band-gap (at 325nm) excitations, their power be-
ing approximately 30mW and 27µW, respectively. While both sites
are excited under these conditions, the peaks associated with each
are identified as well. Notably, the peaks for Eu2* are identical under
each excitation condition. . . . . . . . . . . . . . . . . . . . . . . . . 90
5.2 The structure to the left reveals a typical Eu2 complex with a Eu
ion sitting on gallium site and a gallium vacancy accompanying it.
The stripe defects, speculated to be VN , are sprinkled through the
material and are not localized to Eu2. To the right, there is the Eu2*
incorporation environment, which is similar to that of Eu2 with the
addition of an electron whose charge is uniformly distributed through
the complex (shown as the yellow rimmed transparent circle). (Edited
for this work, original image reproduced by Donghwa Lee) . . . . . . 91
5.3 Thermodynamic transition levels for defects in GaN [100]. The purple
oval highlights the VGa acceptor and the red one indicates the VN
donor. The electronic band structure of VGa shows levels within about
1 eV of the valence-band maximum [100]. Generally, donor levels are
closer to the conduction band, while acceptor levels are close to the
valence band. In the case of VN, while the transition states are 0.59eV
above the valence-band minimum, it does act as a shallow donor
due to its electronic structure which shows degenerate p-like t2 states
near the conduction-band minimum; more details on this theory are
revealed by Van de Walle, et. al. [100]. . . . . . . . . . . . . . . . . . . 93
5.4 The above plot details the intensity of Eu2 and Eu2* (OMVPE 8),
under above band-gap (at 325nm) excitation, as a function of tem-
perature. As temperature increases, Eu2 experiences a decrease while
Eu2* undergoes an increase. With more carriers available at higher
temperatures, the environment is conducive to Eu2* formation. . . . 95
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5.5 Figures (a) and (b) disclose the intensity versus input above band-
gap (at 351nm) power. In Figure (a), measurements were collected at
T=10K at low powers; as the power was increased, Eu2 and Eu2*’s
(OMVPE 8’s) peaks increased at dissimilar slopes. This type of power
dependent spectra is also shown in Figure (b), where experiments
were completed at room temperature, T=295K. Eu2*’s emission in-
tensity plateaus while Eu2’s continues to increase slightly. . . . . . . . 96
5.6 The spectra above reveals emission under above and below-band gap
excitations, with the above band-gap excitation at low power. The
below band-gap emission was doubled to highlight Eu2*’s sensitivity
to this excitation regime. . . . . . . . . . . . . . . . . . . . . . . . . 100
5.7 h l101
5.8 Dual excitation exploiting above (at 32nm) and below band-gap exci-
tations was performed at T=10K on several samples with a variety of
growth parameters. The red box highlights the sample that revealed
a change in dynamics between Eu2 and Eu2*. Further, there was
a decrease in Eu2 intensity and an increase in Eu2* emission, sug-
gesting a reconfiguration of Eu2 complexes into Eu2* incorporation
environments. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.9 Spectra were taken under UV (at 325nm) excitation (blue line, P=27µW)
and concurrent UV and below band-gap excitation (red line, below
band-gap P=46mW) at various temperatures. Figure (a) reveals that
not only is there a decrease in intensity for Eu2 as temperature is
increased, under simultaneous excitation, Eu2’s intensity is further
weakened. Figure (b) shows that Eu2* exhibits an opposing behav-
ior, in that it increases with temperature and there is an additional
increase under simultaneous excitation. The bottom figure is given
to directly illustrate the change observed in the emission spectra. . . 104
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5.10 The above plot shows emission, taken at T=10K, for: (purple circle)
Eu2 under above band-gap (at 325nm) excitation only, (red square)
difference between Eu2* emission under UV excitation and concurrent
below band-gap (at 532nm) and UV excitations, and (blue diamonds)
difference in Eu2 intensity under UV excitation and simultaneous be-
low band-gap and UV excitations. While the UV light fluctuated
slightly, seen in the black box, it remained relatively constant. The
grey region highlighted the center reconfigurations as a function of
increasing below band-gap and above band-gap light until the lat-
ter stabilized. In the green region, there is the increase in Eu2 and
Eu2*’s structural changes as a function of increasing below band-gap
excitation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
6.1 GaN:Eu/Mg (on sapphire) emission profiles taken before and after
indirect excitation at T=5K. The centers Mg/Eu1-3 are identified
by numbers 1-3, respectively. Under the aforementioned excitation,
there is large decrease in intensity for Mg/Eu1 and increase for Mg/Eu3,
indicating a reconfiguration process [75]. . . . . . . . . . . . . . . . . . 114
6.2 Above band-gap excitation spectra for GaN:Eu/GaN at t=0 and af-
ter several seconds of exposure to laser light. The peaks are labeled
1-5 for convenience, not because of their origins. Peaks 1 and 2 are
emission from the traditional Eu1 site and increase as the H pertur-
bation lessens. Peak 3 originates from Eu2. Peaks 4 and 5 are due
to Eu ions experiencing H-related perturbations and decrease as H
moves away from the complex. . . . . . . . . . . . . . . . . . . . . . . 115
6.3 CEES map collected for GaN:Eu/GaN. Unlike a previous sample
grown on GaN substrate, this one lacks a strong stripe at Eu2 emis-
sion energies, highlighted in the red box. There is some emission from
Eu2* and its descendants but the latter is very faint. . . . . . . . . . 117
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6.4 CEES maps for (a) GaN:Eu/GaN and (b) GaN:Eu,Mg/sapphire. The
red lines indicate the similar excitation and emission energies for the
H-related sites in each sample. In the first map, the emission from the
defects incorporating H is very low. The second CEES map discloses
that these sites emit stronger. This is due to the Mg acceptor which
increases the complex’s likelihood to capture a H which subsequently
perturbs the Eu ion, causing it to emit in the regions highlighted by
the red lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
6.5 The top figure reveals room temperature above band-gap spectra for
GaN:Eu with (red) No Mg, (blue) Low Mg (1 × 1018cm−1, (green)
Medium Mg (7×1018cm−1, and (black) High Mg (2.4×1019cm−1) con-
centrations [101]. The bottom figure illustrates results for GaN:Eu/GaN,
with the notable exception that the spectra represents GaN:Eu with
Med-High Mg content when, in actuality, contamination level Mg
may be present. H-related peaks, the most prominent features, are
located between 1.998eV and 2.004eV. . . . . . . . . . . . . . . . . . 119
6.6 EDS Trials were performed to determine the Mg concentration in
GaN:Eu/GaN. Figure (a) reveals an image of the sample surface;
the black box in the top left corner represents an excitation area.
Figure (b) shows the collected EDS spectrum, with Ga dominating
the spectrum around Mg emission energies. . . . . . . . . . . . . . . 121
6.7 SIMS results acquired by EAG, Inc. (Evans Analytical Group). The
Mg concentration, highlighted in red, was found to be 3×1016cm−3 in
the dopant layer. However, in the top 200nm of the sample (indicated
by the black dashed rectangle), there is a high concentration of both
Mg and Eu. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
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6.8 Indirect excitation spectra before and after several seconds of expo-
sure at T=10K, 50K, 80K, and 140K. The peaks for Eu2 and the
H-related perturbations are labeled. Temperature dependent mea-
surements were taken to demonstrate the lack of a limit temperature
for H migration in GaN:Eu,Mg/GaN, i.e. the effect happens at higher
temperatures but requires longer time scales for it to be observed and,
even then, the migration is not as significant as at lower temperatures.125
6.9 The above schematic portrays two types of centers. Type 1 has a Mg
near by that is able to secure H from a Eu-Mg complex. The second
structure has a Mg further away and more attempts are required for
that Mg to re-capture a H. . . . . . . . . . . . . . . . . . . . . . . . . 126
6.10 Figure (a) reveals the intensity of the hydrogen-related peak at emis-
sion energy 2.004eV as a function of time, at four distinct locations,
x1−4. The purple region highlights measurements taken for one loca-
tion with its corresponding data and fit shown in Figure (b). Figures
(b-e) show the individual decay at each unique location on the sam-
ple. The data was fitted for two types of incorporation environments;
the fitting parameters are revealed in Table 6.1. All measurements
were taken at T=10K under above band-gap (at 325nm) excitation
power of 27µW. At t=190s, the laser light was blocked, causing the
emission profile to experience a sharp drop to zero intensity. . . . . . 128
6.11 (a) Room temperature photoluminescence (PL) spectra comparing
GaN:Eu,Mg as grown and after annealing in N2 and subsequent an-
nealing in NH3
[116] (b) Optical spectra for low temperature indirect
excitation where H perturbation is clearly observed. Before annealing
in N2, H migration is clearly present. After annealing treatments, no
H perturbation is observed. . . . . . . . . . . . . . . . . . . . . . . . 129
6.12 Emission from the as-grown bulk sample is depicted in the purple
spectrum. The green spectrum originated from the bulk after it was
annealed in ammonia. After the ammonia treatment, a significant
increase in luminescence was noted. . . . . . . . . . . . . . . . . . . 130
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6.13 These are spectra taken at room temperature (T=295K), under UV
(at 325nm) excitation, as a function of distance scanned on the sam-
ple. The blue spectrum in Figure (a) refers to an unmilled location,
indicated by the blue line in the map given in Figure (b). The red
spectrum corresponds to emission from the milled location where the
top 200nm, Mg-contaminant layer has been delayered. The shoulder
seen at emission energy 2.003eV is indicative of a low Mg concentra-
tion. The purple circle in Figure (b) highlights the general vicinity of
the milled area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
6.14 Above is the ratio of the highest hydrogen related peak (at emission
energy 2.003eV) to the Eu peak (at emission energy 1.993eV) seen
at room temperature under UV excitation. The edge of the milling
location, the milling area’s radius, and the approximate depth of the
milling valley is indicated by the purple arrows. . . . . . . . . . . . . 132
6.15 Taken at T=10K, using above band-gap excitation (at 325nm) these
are emission profiles collected from the milled and unmilled regions of
the bulk sample. The red line shows a typical H perturbed spectra.
The purple line depicts emission from the milled valley where the Mg
contaminant has been delayered – no H-related peaks are observed. . 133
7.1 532 nm laser BrightLine single-edge laser-flat dichroic beamsplitter.
Part number: Shemrock DI02-R532. . . . . . . . . . . . . . . . . . . 140
7.2 355 nm RazorEdge ultrasteep long-pass edge filter. Part number:
Shemrock LP02-355RU. . . . . . . . . . . . . . . . . . . . . . . . . . 141
7.3 Longpass Dichroic Mirror at 605 nm. Part number: Thorlabs DMLP605142
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